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ABSTRACT

Hydrogels are ubiquitous in nature and technology. Controlling their mechanical properties and under-
standing their complex microstructure is critical e.g. for 3D bioprinting or tissue engineering applications.
Here a generic design concept for tuning the elasticity of extrudable gels at given polymer or particle con-
centration is presented. Targeted micro-phase separation leading to micro-heterogeneities (1-100 pm)
yields high gel strength allowing for extrusion of uniform filaments with high shape accuracy as long
as the heterogeneity length scale is small compared to the extruded filament diameter (>500 pm).
Micro-mechanical and structural heterogeneity was enhanced in alginate hydrogels by accelerating
crosslinking kinetics, corresponding to gel elasticity variation of more than two orders of magnitude
(17 Pa to 2300 Pa), enabling filament extrusion (1046 pm) with high shape fidelity. Introducing poly
(vinylalcohol) into gelatin gels resulted in more heterogeneous materials with a 2-fold increase in elas-
ticity (951 Pa to 1993 Pa) and thinner filaments (908 pm to 590 pum). Higher ionic strength in Laponite-
based hydrogels induced nanoparticle aggregation, leading to higher elasticity (857 Pa to 2316 Pa)
enabling smooth filament extrusion. Eliminating the often tacitly assumed hydrogel uniformity on the
microscale provides additional degrees of freedom to achieve high gel strength without increasing poly-

mer, particle or crosslinker concentration.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

* Corresponding author.

1. Introduction

Gels are ubiquitous in nature and technology. Hydrogels essen-
tially consist of polymeric networks that retain expressive amount
of water [1]. Extensive hydrogel research reports major advances
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in cell encapsulation [2,3], contact lenses fabrication, drug delivery,
wound healing, tissue engineering [4-6], biosensing technologies
[7], agricultural applications [8,9], personal care products [10],
food products [11], treatment of textile effluent [12], as well as
dewatering and separation membranes [13,14].

Mechanical strength is an important design feature for all kinds
of hydrogels. This property is directly related to texture perception
in food gels [11,15], sensory and organoleptic properties of cosmet-
ics [16], mechanical robustness of filtration membranes [14] and
stability of adsorbent gels [17]. In addition, varying degrees of
mechanical stiffness in biopolymer gels were found to influence
the extra-cellular matrix synthesis of chondrocytes [18], and the
differentiation of mesenchymal stem cells [19]. More specifically,
mechanical strength can dictate injectability of hydrogels for ther-
apeutic procedures and 3D bioprinting [20,21]. Extrudable hydro-
gels are a desired class of materials for 3D bioprinting
applications, such as cardiac and skin tissue engineering, wound
dressing as well as drug screening models [22]. Hydrogels consist-
ing of biopolymers, i.e alginate [19] and gelatin [23], as well as
nanoparticles, namely Laponite [24], are often employed as inject-
able materials. Injectability is characterized by the pressure
required for flow as well as extrusion uniformity [25]. Therefore,
the viscoelastic properties of both polymeric and particulate net-
works strongly dictate extrusion success.

The viscoelastic properties of polymeric gels strongly depend on
the density of physical and/or chemical crosslinks, on polymer con-
centration, and hence the mesh size of the polymer network. For
hydrogels these parameters are related to the swelling ratio which
is controlled, e.g. by solvent quality, pH or ionic strength. Accord-
ingly, various theoretical models have been derived to describe
the gel elasticity, taking into account entropic as well as enthalpic
contributions to the free energy. Most prominent, different types of
polymer networks exhibit different scaling of the shear modulus
Gy ~ ¢* with polymer concentration. All these models developed
to describe the elasticity of (bio)polymer gels and networks have
in common that they assume a uniform, homogenous sample com-
position on length scales larger than the individual molecules or
filaments. Besides, commonly applied strategies for enhancing
hydrogel elasticity involve increase in polymer/particle concentra-
tion, addition of reinforcement, such as particles or fibers, or chem-
ical crosslinkers to polymer matrix as well as polymer matrix
manipulation [26,27].

Here a new concept for tailoring the strength of typical extrud-
able polymeric and particulate hydrogels is presented, which aban-
dons the assumption of uniformity. Targeted introduction of
micro-heterogeneities can be used to tailor the mechanical
strength of gels in a wide range which is decisive for the perfor-
mance of such materials in injection, extrusion or 3D printing pro-
cesses. This work was motivated by earlier investigations on
commercial polymeric thickener solutions, which revealed that
the thickening efficiency drastically increased for systems showing
a heterogeneous structure on a mesoscopic length scale (1-10 pm)
including predominately viscous and elastic regions. A certain
shear modulus level was achieved at an almost ten times lower
polymer concentration when compared with other thickeners with
similar chemical composition but uniform structure on the meso-
scopic scale [28]. Rubinstein proposes that nonlinear elasticity of
polymer networks is generated by single polymer chain non-
affine deformations and Basu et. al reports on how such deforma-
tions in a polyacrylamide gel are caused by network crosslinking
inhomogeneity (length scale ~ 200 nm) [29,30]. Evidences of
mechanical strength control through micro-structural heterogene-
ity are found by Bansil et al. [31] which, performing particle-
tracking microrheology, found first indications that the elasticity
of gastric mucus is related to its heterogeneity in a length scale
500 nm — 4 pm.
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Even in hard sphere suspensions the micro-phase separation
into fluid regions of low particle concentration and small densely
packed crystals at the entropy driven fluid-crystal phase transition
results in a dramatic increase in viscosity and the formation of gel-
like viscoelastic response [32]. Flocculated suspensions with their
fractal particle network structure often exhibit high shear moduli
even at low particle concentration [33]. Capillary suspensions
(ternary fluid/fluid/solid systems) with their heterogeneous parti-
cle network typically exhibit shear moduli at least one order of
magnitude higher than the corresponding binary suspensions
[34]. In addition, Laponite nanoclay suspensions constitute thixo-
tropic gels in the presence of electrolyte due to the formation of
micro-meter sized nanoparticle aggregates (length scale < 5 um)
[35]. However, in Laponite phase diagrams, Laponite gels and
glasses are addressed as uniform states and there is no indication
in literature of phase separation for Laponite
concentration > 1 wt% and salt concentration lower than 20 mM
[36].

In this study, four different strategies for inducing micro-phase
separation in extrudable hydrogels are presented, namely variation
of crosslinking kinetics in a polysaccharide hydrogel, crosslinking
of one polymer in a two-polymer mixture, variation of ionic
strength in a nanosilicate hydrogel and formation of polysaccha-
ride/nanosilicate composites. At a given polymer/nanoparticle
and crosslink density, the hydrogels elastic modulus increases with
increasing degree of micro-phase separation. An improved fila-
ment at constant extrusion pressure is observed as a direct effect
of elasticity enhancement. The self-assembly of heterogeneous,
micro-cellular structures results in a superior specific strength of
the materials. In analogy to the well-known concepts in construc-
tion and engineering mechanics, we term this “statistical micro-
scaffolding”.

In this study, Multiple Particle Tracking (MPT) microrheology is
employed to investigate microstructural changes and characterize
micro-heterogeneity of the hydrogels in the hydrated state on a
length scale 0.1-100 pm. Voronoi triangulation and image overlay
techniques help direct visualization of spatial micro-
heterogeneities formed inside the hydrogels, as demonstrated with
the recently introduced Micro-Rheo-Mapping MRM tool [37]. This
MPT technique is particularly suitable to visualize and characterize
microscale heterogeneities in highly swollen gels. Unlike other
microscopy techniques, MPT takes advantage of strong variations
in local viscoelastic properties that often occur even if the local
variation of the polymer or particle concentration is too small to
generate enough contrast. Classical rotational rheometry as well
as uniaxial compression tests were conducted to determine bulk
elasticity. 3D printing is employed for injectability and extrusion
quality evaluation. A correlation between micro-heterogeneities
and their characteristics, such as size and degree of phase separa-
tion, and the macro elasticity of hydrogels is stablished, as well as
the effects on the extrusion quality, demonstrating that targeted
micro-phase separation is a generic design concept to control
hydrogels elasticity and hence their injectability, extrudability or
3D printability.

2. Materials and methods
2.1. Sample preparation

Sodium alginate (alginic acid sodium salt from brown algae for
biochemistry, M,, = 300-350 kg/mol), gelatin extra pure (gold, 180
Bloom), calcium chloride (CaCl,) > 98% dehydrated and calcium
sulfate (CaSO,4) > 98% dihydrate were purchased from Carl Roth
(Karlsruhe, Germany). Poly(vinyl alcohol) (PVA, Mowiol ® 4-98,
Mw ~ 27000 g/mol) was purchased from Sigma- Aldrich Chemie
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GmbH (Taufkirchen, Germany). Dulbecco’s Modified Eagle’s Med-
ium (DMEM w: 4.5 g/L Glucose, w: L-Glutamine, w: Sodium pyru-
vate, w/o: Phenol red, w: 3.7 g/L NaHCOs3) was purchased from PAN
Biotech (Aidenbach, Germany). D-Glucono-1.5-lacton (GDL) > 99%
was purchased from Alfa Aesar (Thermo Fisher Scientific, Karl-
sruhe, Germany). Calcium carbonate (CaCOs, Ulmer Weiss 15H)
was purchased from Eduard Merkle GmbH (Blaubeuren-Altental,
Germany). Laponite-XLG XR was purchased from BYK-Chemie
GmBH (Wesel, Germany).

Salt and polymer solutions were prepared the following way:
CaCl,, CaSO,4, GDL solutions were prepared stirring the powder
with ultrapure Milli-Q water at room temperature and approxi-
mately 100 rpm for ten minutes. Using the same procedure, algi-
nate solutions were prepared (with longer stirring time of two
hours) for systems I and Il.a), but DMEM was used as solvent for
system IV (see Table 1). DMEM is frequently employed as solvent
in hydrogels used for cell culture as it provides nutrients and phys-
iological conditions for the living cells (salt concentration: 0.2g/L
CaCl,, 0.4g/L KCI and 6.4g/L NaCl). Gelatin and PVA solutions were
obtained using the same procedure as for alginate solutions, but
stirring occurred using DMEM at 40 °C and ultrapure water at
90 °C, respectively. The CaCO5; suspension was produced stirring
the powder with ultrapure water.

Polymer hydrogels were prepared the following way: Alginate
hydrogels were made ready by mixing alginate solution with the
CaCl, solution, CaCOs suspension and GDL in order to solubilize
CaCOs for ten minutes at 100 rpm (system I, see Table 1). The molar
ratio CaCO5:GDL was always kept 2:1. Two-polymer hydrogels
were prepared by mixing PVA with the second polymer solution
(gelatin or alginate followed by salt CaSO,4) for ten minutes at
100 rpm (system II, see Table 1). Hydrogels containing nanoparticle
were produced the following way: Laponite nanoparticles were
dispersed in ultrapure water with a planetary mixer (Speedmixer,
Hauschild GmbH & Co KG, Hamm, Germany) for 10 min at
2500 rpm. Laponite hydrogels were prepared by mixing Laponite
suspensions with salt solutions for 3 min at 2500 rpm using the
planetary mixer (system III, see Table 1) and Laponite composites
were prepared by mixing alginate solution with the Laponite sus-
pension for 10 min at 2500 rpm (system IV, see Table 1). All sam-
ples in system IIl presented a pH value of 10, except for 3 wt%
Laponite + 3 mM Al,(SO4); with pH = 7.6. All samples in system
IV presented a pH value of 9.5.

Considering the well-known phenomenon of Laponite aging, all
measurements were conducted 24 h after sample preparation for
all systems investigated here. Table 1 shows the composition
details and final weight concentrations of the different ingredients
for the investigated systems.

2.2. Macrorheology: Rotational rheometry and uniaxial compression
A rotational rheometer (Rheoscope I, Thermo Fisher Scientific,

Karlsruhe, Germany), equipped with a stainless-steel plate-plate
measuring cell (diameter 20 mm, gap distance 2 mm) was used
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to perform small amplitude oscillatory shear experiments at
20 °C. Sandpaper was attached to the parallel plates in order to
avoid slip. For all gels, frequency sweeps, covering the frequency
range from 0.1 to 100 rad.s~!, were performed at a stress ampli-
tude sufficiently small to provide a linear material response. In
oscillatory shear, a sinusoidal stress <t(t) is applied
T(t) = 14.5in wt, where 7, is the amplitude and o the angular fre-
quency. The linear response of the strain is given by
7(t) = y4.sin(wt + 5), where ¢ is the phase shift angle. The shear
stress T(t) is proportional to the strain amplitude y, and can be
represented as t(t) = y,.(Gr/(w)(sin (wt) + Grr(w)(cos (wt)). Gr(w)
is defined as the storage modulus and Gr7(w) as the loss modulus.
The storage and loss modulus are the real and imaginary parts of
the complex modulus G*(w) = G'(w) + iGn(w). The storage modu-
lus represents the storage of elastic energy while the loss modulus
indicates the viscous dissipation during strain cycle [33]. For poly-
mer networks, the storage modulus G’ is almost independent of
frequency. Therefore, the bulk shear modulus Gy is deduced from
the value of G’ at frequency w = 1 rad.s~!. The plateau modulus
Gy is a key structural parameter for entangled solutions and net-
works, it is related to the crosslinking density or mesh size of the
entanglement network.

Uniaxial unconfined compression tests were performed at 20 °C
using the commercial tensile testing machine Texture Analyzer TA.
XTplus (Stable Micro System, UK) equipped with a 5 kg load cell.
Tests were performed on cylindrically shaped gels of 5 mm height
and 10 mm diameter. Samples were compressed with a plate
(5 cm x 5 cm) at a compression speed of 0.1 mm/s. Young’s mod-
ulus E was determined as the slope of the linear stress—strain curve
in the strain region < 40%.

2.3. Microrheology: Multiple-particle tracking (MPT). A
detailed scheme of the MPT setup used in this study is described
in Kowalczyk et al. [28] It is based on an inverted fluorescence
widefield microscope (Axio Observer D1, Carl Zeiss) equipped with
a Fluar 100x objective (numerical aperture 1.3, 100x magnification,
oil immersion lens, Carl Zeiss). Green fluorescent carboxyl-
functionalized polystyrene microspheres of 0.2 pm diameter with
density 1.06 g/cm? and refractive index 1.59 at 589 nm were used
as tracer particles (Bangs Laboratories, USA).

The investigated samples including the tracer particles were
placed between a microscope glass slide and a coverslip. The
microscope was focused roughly halfway into the sample, i.e. at
a distance of 20-40 pum away from the surface, to minimize wall
effects. 2D images (field of view 127 x 127 pm, frame rate 50
frames/sec) of the fluorescent particles were recorded using a
sCMOS camera Zyla X (Andor Technology). Movies of the fluctuat-
ing microspheres were analyzed using a custom MPT routine
incorporated into the software Image Processing System (Visio-
metrics iPS). Particle tracking and calculation of mean square dis-
placement (MSD), as well as the statistical analysis of the
trajectories was done using a self-written Matlab® program based
on the widely used Crocker and Grier tracking algorithm [28]. Tra-

Table 1
Detailed composition of hydrogel systems I-IV.

System I Il 11 v

a b
Polymer 1.2% alginate 1.2% alginate PVA 8% gelatin PVA - alginate
(0-2.8%) (0-4%) (0-2%)
Solvent H,0 H,0 H,0 DMEM H,0 - DMEM
Salt 0.16% (CaCl, 0.16% CaSO4 - 4 mM NaCl -
+CaCo0s) 15 mM (NaCl + KCl)
+ GDL 4 mM CaCl,

Nanoparticle - -

3 mM Aly(SOy4)s

- 3% Laponite 5% Laponite
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cer particles were added prior to gelation, to ensure a homoge-

neous distribution of the tracer particles within the sample. The

local viscoelastic modulus G*(w) around a sphere as a function of

the frequency w can be determined from Eq. (1) [38]:

Gx*(w) = LTZ =G(w) +iG"(w) (1)
naiw<A? (ia))>

with a being the tracer particle radius, kg the Boltzmann con-

stant, T the temperature and (Ar?(iw)) the Mean Square Displace-
ment (MSD) of the tracer particles.

Tracers trapped in an elastic network exhibit a time-
independent MSD directly related to the apparent local shear mod-
ulus (Eq.2) of this region:

2kgT
Comrr = 32072 @

Tracers freely diffusing in a viscous environment exhibit a lin-
early increasing MSD and the apparent viscosity #,,,r of the sur-
rounding fluid is determined using Eq. (3) obtained from the
Stokes-Einstein relation, and the relation (Ar?(t)) = 4Dt, where D
is the diffusion coefficient related to the MSD (Ar?(1)) as a function
of the lag time 7 [39]:

o kBT
Nver = G raD 3)

In this study we investigate heterogeneous systems. MPT allows
for the evaluation of heterogeneity in terms of the non-Gaussian
parameter o (alfa). Details on the non-Gaussian parameter, which
describes the deviation of the MSD values from a Gaussian distri-
bution, are given in the Supplementary Information (Table S1).

2.4. Hydrogel extrusion. A pressure-controlled Voxel 8 Devel-
oper’s Kit 3D printer (Voxel 8 Inc., Harvard, USA), 3CC cartridges
(Nordson EFD, Feldkirchen, Germany) and straight needles of stain-
less steel, (150 um outlet diameter, VIEWEG, Germany), were used
to extrude the hydrogels in log pile pattern (self-written G-Code).
The print head velocity was kept at 600 mm/min for all samples
and the extrusion pressure was system dependent, varying from
0.03 MPa to 0.4 MPa. The extruded constructs were imaged using
a Digital Microscope VHX-950F (Keyence, Neu-Isenburg, Germany)
and image analysis was performed with the software Image Pro-
cessing System (Visiometrics iPS).

2.5. Statistical analysis. Data are expressed as mean * SD. Com-
parisons between two experimental groups were performed using
two-tailed t tests with N > 3 for all groups. Differences were statis-
tically significant for P < 0.05.

3. Results and discussion

This investigation employs four different hydrogel systems,
each one presenting a different mechanism of inducing phase sep-
aration (Table 2) on the length scale 1 - 100 pm. MPT microrheol-
ogy technique is used to characterize these heterogeneities and
their effect on bulk elasticity is discussed.
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3.1. System I - Varying crosslinking kinetics in alginate/calcium salt
hydrogels

Physically crosslinked hydrogels are formed when calcium ions
interact with alginate guluronate blocks, originating the so-called
egg-box model structure [40]. The ionic crosslinking kinetics in
alginate gels is determined by the calcium salt solubility in water
and therefore by the diffusion rate of the Ca* ions in the system.

Two Ca**-salts with very different solubility were used, CaCl,
(solubility of 745 mg/mL at 20 °C), which delivers instantaneous
crosslinking and CaCOs; (solubility of 0.02 mg/mL at 20 °C) [41],
with a crosslinking time > 10 min (47). Alginate (1.2 wt%) as well
as the total salt (0.16 wt%) concentrations are kept constant, while
the CaCl,:CaCO3; weight ratio is varied.

The heterogeneous microstructure shows up in a broad varia-
tion in absolute values and time dependence of the individual
MSDs for all gels in this concentration series (as shown in
Fig. S1). The ensemble of MSDs is arbitrarily classified in two main
populations, as shown exemplarily in Fig. 1A for CaCl,:CaCOs; ratio
1:1. MSDs with slope < 0.5 (black population in Fig. 1A) correspond
to tracer particles trapped in predominantly elastic regions. Pre-
dominantly viscous regions are characterized by tracer particles
diffusing freely in the surrounding fluid, corresponding to MSDs
with slope > 0.5 (green population in Fig. 1A).

Voronoi triangulation has been used to visualize the hetero-
geneity of the samples [28], where the black and green areas rep-
resent elastic and viscous regions, respectively (see Fig. 1b for
CaCl,:CaCOs ratio 1:1). Size of the viscous inclusions was estimated
by means of Feret’s statistical diameter using the public domain
processing software Image] [42]. Viscous inclusions of size typi-
cally 10-20 pm and characteristic viscous area fraction of 10-
40% are found (Fig. 1B).

Increasing the amount of CaCl, leads to a more pronounced
phase separation. This is indicated by the decrease of apparent
local viscosity in the viscous regions (green areas in Fig. 1b) from
115 mPas (corresponding to the viscosity of ~ 1 wt% alginate) to
1mPas (corresponding to the viscosity of water), and on the other
side by the increase in the apparent local shear modulus Goypr in
the elastic regions (black areas in Fig. 1B) from ~ 1 to 11 Pa
(Fig. 1C). In an alginate hydrogel formed by adding only CaCOs,
the slow crosslinking process forms weakly crosslinked regions
that coexist with uncrosslinked polymer solution. By partially sub-
stituting CaCOs5 for CaCl,, the elastic regions become stronger
crosslinked as more polymer takes part in this process. The poly-
mer concentration decreases in the uncrosslinked inclusions,
hence the viscosity also decreases. This clearly shows that the
degree of phase separation and heterogeneity increases with
higher fraction of fast crosslinker.

CaCl, high solubility and therefore high diffusion rate of cal-
cium ions forms dense crosslinked zones that coexist with weak
bonding sites or even uncrosslinked polymer as well as salt solu-
tion pools [43]. Because of the low solubility of CaCOs, GDL is
responsible for the slow dissolution of Ca* in the system. As the
further diffusion rate of ions after the initial binding is also respon-
sible for the degree of heterogeneity [44], a slower crosslinking

Table 2
Composition and micro-heterogeneity control mechanisms of the systems investigated.
System [ Ila b i v
Material Alginate + Ca®*  Alginate + PVA  Gelatin + PVA Laponite + salt Laponite + alginate

salts
Variation of crosslinking kinetics

Micro-phase by varying salt by adding thermal crosslinking of one polymer
separation solubility second
mechanism polymer

Demixing of micro-phases triggered via

Nanoparticle cluster formation
via variation of ionic strength

Nanoparticle/ polymer cluster
formation via addition of
polymer
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Fig. 1. Micro-heterogeneities and rheological characterization of System I. (A) Mean square displacement as a function of lag time t for 1.2 wt% alginate with CaCl,:CaCO5
ratio 1:1. Green and black indicating viscous and elastic MSDs, respectively, and red ensemble average of MSDs. (B) Corresponding Voronoi plot as obtained from MPT
measurements with tracer particles of diameter 0.2 um. Four videos were analyzed and one representative MSD diagram is presented. (C) Apparent local viscosity 1n,,r and
apparent local elasticity Go wpr as obtained by MPT measurements and (D) bulk shear modulus Go and Young’s modulus E as obtained by shear rheometry and compression
tests, respectively, as a function of CaCl,:CaCOs ratio in 1.2 wt% alginate hydrogel (* indicates P < 0.05). (E) Extruded alginate hydrogels with CaCl,:CaCOs ratio 0:1, 1:3 and
1:1. Scale bar = 3 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

process leads to weaker micro phase separation, delivering more
homogeneous hydrogels [40,45].

The more pronounced micro-phase separation leads to a strong
increase of two orders of magnitude in the bulk shear modulus G,
from 17 to 2300 Pa and in the Young's modulus E from 48 to
1700 Pa (Fig. 1D). This stunning increment in the bulk elasticity
at constant polymer and salt concentration is a consequence of
the more pronounced micro-phase separation when the crosslink-
ing process is accelerated due to the addition of a highly water-
soluble salt. The bulk elastic modulus values found are much
higher than the apparent local elasticity Goupr. This might be due
to densely crosslinked areas which are inaccessible to the tracer
particles and therefore do not contribute to Go ypr [46].

To our knowledge, microscopic dynamics and structure in algi-
nate hydrogels have only been characterized in terms of dynamic
light scattering (DLS) [43], revealing the presence of different
relaxation modes and these dynamics were associated to the for-
mation of a hierarchy of crosslinks with different lifetimes indicat-
ing a complex structure without, however, providing any spatial
information about micro-heterogeneity. This study presents, for
the first time, spatial characterization of viscous inclusions in
hydrated alginate gels as well as local viscoelastic properties of
the micro-phases.

The increase in gel elasticity with a higher fraction of the fast
crosslinker (CaCl,) shows improved extrusion results already at
CaCl,:CaCOs5 ratios 1:3 and 1:1 (Fig. 1.E). Gel with only CaCOs salt
does not have enough cohesive strength for extrusion, thus the fil-
ament spreads and does not retain shape. The higher elastic gels
due to increased micro-heterogeneity, on the other side, were suc-
cessfully extruded in continuous and uniform filaments of width
1046 + 170 pm at 0.17 MPa. These results clearly demonstrate that
the heterogeneous structure and the degree of phase separation
are decisive parameters for controlling the bulk elasticity and
extrudability of alginate hydrogels.

3.2. System II - Crosslinking of one polymer in a two-polymer mixture

Turning to polymer composites, system Il comprises mixtures
of alginate/PVA and gelatin/PVA where only alginate and gelatin
are crosslinked and PVA remains as solution in the hydrogel.

3.2.1. System Il.a) - Variation of alginate crosslinking kinetics by the
addition of PVA

As already discussed in the previous section, the addition of
Ca?* ions to alginate generates a hydrogel with certain degree of
micro-heterogeneity. Adding PVA to a 1.2 wt% alginate solution
prior to the addition of 0.16 wt% CaSO, (solubility of 2.41 mg/mL
at 20 °C) [41], however, leads to significant modifications of the
microstructure (Fig. 2A-B). Both viscous and elastic phases are pre-
sent in all systems, but with a distinct disparity in tracer mobility
between these regions for the sample without PVA.

When increasing the amount of PVA to 2.8 wt% and keeping the
alginate and CaSO, concentrations constant, the viscosity #ypr
within the viscous regions increases from 138 mPas (correspond-
ing to the viscosity of ~ 1 wt% alginate) to 307 mPas (mixed solu-
tion of alginate and PVA). Viscous inclusions typically 10 pm in size
are found in all samples (Fig. 2C-D). In presence of PVA, the hydro-
gel evolves into a more homogeneous material as fewer viscous
inclusions are formed and the average percentage of viscous area
is reduced from 12 + 1% to 3 + 1%.

The microstructural changes observed in system Il.a) can be
explained by the interaction of alginate and PVA via hydrogen
bonding of hydroxyl groups before addition of CaSO,. Studies with
XRD (x-ray diffraction) have shown that, as the quantity of alginate
in a PVA/alginate blend nanofibers is increased, the intensity of the
diffraction peak of PVA becomes lower and broader [47,48]. The
reduction of the crystallinity of the electrospun PVA/alginate nano-
fibers can probably be attributed to the hydrogen-bonding interac-
tion between alginate and PVA macromolecules. Besides, FTIR
(Fourier-transform infrared spectroscopy) results have shown that,
with the addition of alginate, the intensity of absorption peaks of
PVA decrease, and some peaks disappear, suggesting an interaction
between PVA and alginate [47,48]. It was also observed that the
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Fig. 2. Micro-heterogeneities and rheological characterization of System ILa). (A)-(B) Mean square displacement as a function of lag time 7 for 1.2 wt% alginate and 1.2 wt%
alginate + 2.8 wt% PVA. Green indicating viscous MSD, black elastic MSD and red ensemble average of MSDs. (C)-(D) Corresponding Voronoi plots as obtained from MPT
measurements with tracer particles of diameter 0.2 um. Viscous area fraction decreases in the alginate hydrogel as more PVA is present. For each concentration, four videos
were analyzed and one representative MSD diagram is presented. (E) Bulk shear modulus G, as obtained by shear rheometry and Young’s modulus E as obtained by
compression tests as a function of PVA concentration in 1.2 wt% alginate + 0.16 wt% CaSO4 hydrogel (* indicates P < 0.05). (F) Extruded alginate hydrogels with 0% and 1.4%
PVA. Scale bar = 3 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

bands of hydroxyl stretching become much broader with adding
alginate, which supports the idea that hydrogen bonding could
be formed between alginate and PVA hydroxyl groups. Moreover,
the fact that PVA molecular chain contains highly polar functional
groups (hydroxyl) facilitates intermolecular interaction in the form
of hydrogen bonding between PVA and alginate, resulting in a den-
ser system [49].

On account of this, alginate crosslinking with Ca®* ions is
delayed and a more homogeneous hydrogel with lower degree of
micro-phase separation is formed when PVA is introduced. As dis-
cussed previously, a slower crosslinking kinetics produces more
homogeneous alginate hydrogels.

As a result of a lower micro-phase separation degree, a decrease
in the macro-elasticity is observed (Fig. 2E). Both G, and E drop
almost by a factor of 2 in presence of PVA. This is consistent with
what was already observed for pure alginate gels, again a more
heterogeneous microstructure leads to higher bulk elasticity at
constant polymer concentration. The concentration of the polymer
that actively participates in the crosslinking process and con-
tributes to the elasticity, i.e. alginate, is kept constant while only
PVA concentration is increased. An aqueous 2.8 wt% PVA solution,
however, presents a viscosity lower than 4mPas, which clearly
excludes any PVA entanglement contribution to the hydrogel elas-
ticity. The change in micro-heterogeneity is the only source for the
observed change in the gel’s bulk elasticity.

The elasticity decrease in gels with PVA directly affects extru-
sion quality (Fig. 2.F). With the addition of 1.4% PVA to alginate
gel, filament width increased from 676 + 90 pm to 857 + 171 pm
when extruded at 0.17 MPa.

3.2.2. System II.b) demixing of gelatin/PVA micro-phases via thermal
crosslinking of gelatin matrix

PVA is now incorporated into gelatin, which forms a physically
crosslinked hydrogel via thermal gelation. Gelatin concentration is
kept constant (8 wt%) while PVA solution concentration is
increased from 0 to 4 wt%. Overlay plots created from 500 subse-
quent images taken from MPT video sequences (Fig. 3A-B) clearly

reveal that a heterogeneous micro-structure results from the addi-
tion of PVA to gelatin [50].

A uniform particle distribution occurs in pure gelatin sample
(Fig. 3A), while inclusions depleted of tracer particles are found
in the samples with PVA (Fig. 3B). The size of these inclusions
increases from 7.5 + 3 pum at 2 wt% PVA content (Figure S2) to
15 + 10 um at 4 wt% PVA (Fig. 3B). At the same time, the area frac-
tion of these inclusions in the hydrogel increased from 12% to 28%.
All tracers are embedded in an elastic gel-like environment pro-
vided by the gelatin gel (Fig. 3C).

In order to characterize the void spaces, tracer particles were
directly injected into the inclusions with a syringe (Fig. 3D). As
shown exemplarily in Fig. 3E for sample 8 wt% gelatin + 4 wt%
PVA, the tracer particles diffuse freely, indicating that these inclu-
sions are presumably formed of aqueous PVA solution that
demixed from the gelatin gel during the thermal crosslinking pro-
cess. Samples with 2 wt% and 4 wt% PVA presented local apparent
viscosity #,,r in these pore shaped inclusions of 23mPas and
35mPas, respectively, corresponding to the viscosity of approxi-
mately 6 wt% and 7 wt% PVA.

This higher PVA content in the pores is a result of micro-phases
demixing. Liquid-liquid as well as solid-liquid separation depend
strongly on the concentration of the components and on the envi-
ronmental stimuli, such as temperature or pH [51,52]. Crosslinking
of one polymer in a mixture can induce micro-phase separation, as
only one component is sensitive to the environmental stimuli or
crosslinking reaction and the whole mixture becomes unstable.
This method can be employed for producing controlled micro-
structured materials based on the kinetics of demixing [52].

In our study, gelatin and PVA (as well as tracer particles) were
well mixed in the aqueous solution at 40 °C. By lowering the tem-
perature, gelatin begins to thermally crosslink and the demixing
process of gelatin network and PVA solution is triggered. By the
time room temperature is reached (20 °C) further phase separation
is ceased. At this point, the gelatin elastic network is stabilized
along with the tracer particles, which were arrested in the elastic
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Fig. 3. Micro-heterogeneities and rheological characterization of System ILb). (A)-(B) Overlay plots for 8 wt% gelatin and 8 wt% gelatin + 4%, PVA (four videos were analyzed
for each concentration), some viscous inclusions are indicated in red, (C) representative MSDs of elastic trajectories as a function of lag time for 8 wt% gelatin + 4 wt% PVA, (D)
overlay plot for tracer particles directly injected in viscous inclusions (green area), (E) representative MSDs of viscous trajectories for sample with 4 wt% PVA, as obtained by
MPT measurements and (F) bulk shear modulus Gy as obtained by shear rheometry and Young’s modulus E as obtained by compression tests as a function of PVA
concentration in 8 wt% gelatin hydrogel (* indicates P < 0.05). (G) Extruded gelatin hydrogels with 0% and 2% PVA. Scale bar = 3 mm. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

phase during demixing, and PVA is found dispersed in discrete pore
shaped viscous inclusions.

The micro-heterogeneities formed due to the addition of PVA to
the system lead to an increase in the bulk elasticity of a factor of 2
for both Gy and E (Fig. 3F)), even though the amount of polymer
actively participating in the crosslinking process and therefore net-
work formation, i.e. gelatin, is kept constant at 8 wt%. A 4 wt%
aqueous PVA solution presents a viscosity ~5 mPas, clearly exclud-
ing entanglement effects on the hydrogel overall elasticity. The
micro-phases separation resulted in the formation of elastic
regions with higher gelatin crosslinking density than in the pure
gelatin gel and of viscous inclusions consisting of PVA with a
higher viscosity in comparison to the mixture before demixing.
This micro-phase demixing phenomenon is responsible for the
increase in the overall hydrogel bulk elasticity.

Improved extruded filaments are obtained for the hydrogel with
2% PVA (590 + 76 pm line width) in comparison to pure gelatin
(908 + 118 wm line width) at a constant extrusion pressure of
0.4 MPa (Fig. 3.G). The extrusion of thinner filaments, i.e. less
spreading at the same pressure value is directly related to the
higher elasticity at constant gelatin concentration.

3.3. System Il - Varying ionic strength in Laponite hydrogels

Clay suspensions exhibit complex phase behavior depending on
clay concentration, pH and ionic strength. For Laponite suspen-
sions this has been extensively discussed e.g. in Ruzicka & Zac-
carelli [36]. At pH < 11, Laponite platelets are negatively charged
on their faces, but positively charged at the edges. In the absence
of salt, an extended electrical double layer is formed around the
particles in suspension and repulsive forces dominate. Addition
of electrolyte to Laponite suspensions induces a contraction of
the electrical double layer and attractive forces become relevant
[53,54], leading to modifications in the microstructure.

For system III investigated here, Laponite suspensions ionic
strength = 0.53"1 ;c;z?, where ¢; is ion concentration and z; is
the ion charge, was varied by the addition of salts with increasing

concentration or cation valence. Tracer particles were homoge-
neously distributed in a salt free 3 wt% Laponite suspension, as
shown in Fig. 4A. By adding 4 mM monovalent salt NaCl to 3 wt
% Laponite suspension, almost no changes occur (data not shown).
By increasing the concentration of monovalent salt from 4 to
15 mM however, large white areas where no tracer particles are
present appear (Fig. 4B). Similar changes in the microstructure
occur when divalent and trivalent cation salts, CaCl, and Al(SO4)3
respectively, are incorporated into 3 wt% Laponite suspension
(Fig. 4C-D).

Densely packed areas inaccessible for the 200 nm tracer parti-
cles are formed at ionic strength > 15 mM and/or when multiva-
lent ions are added. This is due to short-range attraction among
particles resulting from van der Waals interactions and different
charge densities on the rims and faces of Laponite platelets
[53,55]. The length scale of the inaccessible areas was found to
be 20-100 pm and the average inaccessible area fraction in the
hydrogel increased from 17 + 5% (15 mM NacCl + KCI) to 37 + 22%
(3 mM Alx(SO4);) by increasing the salt cation valence. Such
heterogeneous microstructures in Laponite suspensions have been
suspected earlier based on dynamic light scattering and active
micro rheology experiments [53]. Here, the size and shape of
microstructure were visualized for the first time enabled by over-
lay plots of image series taken from MPT video sequences [50].

The tracer particles embedded in 3% Laponite gels sense only
elastic microenvironment, as indicated by time independent MSDs
exemplarily shown in Fig. 4E for 3 wt% Laponite + 4 mM CaCl,.
Similar results were obtained for all other systems investigated
in this series (Fig. S3).

The increase in the ionic strength to values I > 10 mM accompa-
nied by an enhanced micro-phases separation leads to a drastic
growth in the bulk elasticity of the hydrogel at constant nanoclay
concentration (Fig. 4F). For 3 % Laponite with no salt, E increase
from 860 Pa to 2315 Pa with the addition of 3 mM of trivalent salt.
Changes in the macroelasticity of Laponite hydrogels when
increasing ionic strength were reported in the literature and asso-
ciated to aggregate formation based on DLS and small-angle X-ray
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Fig. 4. Micro-heterogeneities and mechanical characterization of System III. (A)-(D) Overlay plots for pure 3 wt% Laponite XLG hydrogel and 3 wt% Laponite XLG hydrogel in
the presence of salt with increasing ionic strength, clusters are indicated in red and (E) representative MSDs of elastic trajectories for 3 wt% Laponite + 4 mM CaCl,, as
obtained by MPT measurements. For each formulation, four videos were analyzed and one representative MSD diagram is presented. (F) Young’s modulus E as obtained by
compression tests and ionic strength values for pure 3 wt% Laponite hydrogel and 3 wt% Laponite hydrogel in the presence of salt with increasing ionic strength (* indicates
P < 0.05). All samples in system III presented a pH value of 10, except for 3 wt% Laponite + 3 mM Al,(SO4); with pH = 7.6. (G) Extruded laponite hydrogels without salt and
with 15 mM NaCl + KCI. Scale bar = 3 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

scattering (SAXS) experiments [56,57]. In our investigation, it was
shown for the first time that a micro-phase separation on a length
scale 10-100 pum is related to the strong increase in bulk elasticity
upon increasing ionic strength.

Pure Laponite hydrogel did not form filaments when extruded,
as the gel was not strong enough to retain shape (Fig. 4.G). The
addition of 0.15 mM of monovalent salt increased gel elasticity
and allowed uniform extrusion of 1324 * 137 um wide filaments
at 0.03 MPa without increasing nanoparticle concentration.

3.4. System IV - Cluster formation in Laponite/alginate composites

Microstructural alterations in Laponite based hydrogels may
occur not only upon variation of ionic strength but also by adding
polymers. Micro-heterogeneities were formed and tracer particles
were no longer found homogeneously distributed when 1 wt% algi-
nate in DMEM was added to a 5 wt% Laponite hydrogel (Fig. 5A,B).
Densely packed regions typically 20-40 pm in diameter and
depleted of tracer particles are found presumably consisting of
mixed Laponite alginate aggregates.

By further increasing alginate concentration up to 2 wt%
(Fig. 5C) and keeping Laponite concentration constant, the fre-
quency of clusters decreases and the hydrogel becomes more
homogeneous again. When Laponite particles interact with poly-
mer chains dissolved in solvent containing electroctrolyte, such
as DMEM, compact clusters of nanoclay and polymer are formed
[57,58]. However, when increasing the amount of alginate but
keeping electrolyte concentration constant, hydrogen bonding as
well as electrostatic interactions between Laponite particles and
alginate chains hinder nanoparticle cluster formation, thus leading

to a more homogeneous hydrogel [59]. Similar to system III, MSD
of all tracers in system IV are time independent (data not shown).

The formation of micro-heterogeneities upon addition of 1 wt%
alginate is accompanied by a sharp rise in the bulk elasticity, fol-
lowed by gradual decline in Gy and E as the fraction of dense aggre-
gates decreases when the alginate concentration is further
increased (Fig. 5D). It should be noted that alginate is not cross-
linked in the system, so it does not contribute to the elasticity by
creating an elastic polymeric network but by inducing aggregate
formation and micro-phase separation with Laponite in the pres-
ence of electrolyte. The non-monotonic variation of bulk elasticity
can be directly related to the degree of micro-heterogeneity in this
sample series. This further confirms the hypothesis that targeted
micro-phase separation is a powerful tool to control bulk elasticity
of composite gels. It is worth noting that in Systems I and IV, Gy and
E show very similar values, while in System II, E > Gy. For ideal uni-
form, isotropic bodies, E = 3G,. However, the systems investigated
here are not ideal uniform and isotropic, so this relation may vary
depending on the structural features of the micro-heterogeneities.
Besides, these differences in G, and E might be explained by the
diverse deformation processes polymer chains undergo depending
on the hydrogel loading mode. The different microstructural defor-
mations in a hydrogel under shear and under compression might
result in different macro mechanical properties. Knapp describes
distinct Gy and E values for collagen hydrogels due to distinct reac-
tions of collagen fibrils upon deformation by shear and by com-
pression [60].

The increase in elasticity in system IV via addition of 1 wt% algi-
nate solution to Laponite gels did not improve filament extrusion
(Fig. 5.E). The amount and size of the nanoclay/polymer clusters
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Fig. 5. Micro-heterogeneities and mechanical characterization of System IV. (A-C): Overlay plots for pure 5 wt% Laponite XLG hydrogel and 5 wt% Laponite XLG hydrogel with
alginate, clusters are indicated in red (four videos were analyzed for each concentration) and (D) bulk shear modulus Go and Young's modulus E as obtained by shear
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presented a pH value of 9.5. (E) Extruded Laponite hydrogels with 0%, 1% and 2% alginate. Scale bar = 3 mm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

might impair filament uniformity and continuous extrusion. This
effect was not studied here, and further investigations will be per-
formed to characterize impact of micro-heterogeneity characteris-
tics on 3D printing performance in more detail. The further
decrease in elasticity with addition of 2 wt% alginate to Laponite
produced continuous filaments of 1253 + 186 um width at
0.4 MPa in comparison to 789 + 40 pum for pure Laponite at
0.07 MPa.

Even though no improvement in the extrusion quality was
observed with the addition of alginate to Laponite, the hydrogel
remained injectable with continuous filament extrusion. Nan-
oclay/polymer composites are of interest for biomedical applica-
tion where the presence of both polymeric and particulate
materials influence cell behavior.

3.5. Statistical micro-scaffolding design concept

It is demonstrated that targeted micro-phase separation is a
generic design concept to control the elasticity of extrudable
hydrogels. Several strategies are presented for introducing micro-
heterogeneities in a hydrogel matrix via micro-phase separation
which resulted in an increase in gel elasticity at a given polymer
or particle concentration. The increase in gel strength happens
regardless of the heterogeneity state of matter. These micro-
heterogeneities can appear as viscous inclusions in the gel matrix,
as demonstrated in System I, with inclusions formed of uncros-
slinked alginate and salt solutions, and in System II, where inclu-
sions of PVA solution phase separated from the gelatin gel during
thermal  crosslinking.  Strategies  where solid  micro-
heterogeneities were formed are presented in System III, with

nanoparticle aggregates and in System IV with aggregates consti-
tuted of Laponite and alginate.

This novel design concept, does not require polymer chain mod-
ification, reinforcement or chemical crosslinker addition to
increase hydrogel strength. The concept was applied to a broad
variety of different hydrogel systems, showing that this generic
approach can be widely employed for designing polymer and par-
ticulate hydrogels, even a transfer to organogels seems to be
straightforward. The specific strategy for inducing micro-
heterogeneities depends on the system composition, as demon-
strated in this study. Different material compositions will have
particular requirements for triggering micro-phase separation in
order to reach a micro-heterogeneity intensity relevant for
strength enhancement. Polymer or particle concentration might
also dictate the characteristic features of achievable micro-
heterogeneities. Thorough understanding of how the hydrogel
components interact with each other is the basis for a targeted
and efficient micro-phase separation leading to an increase in elas-
ticity. If these specific boundary conditions are known, a transfer of
the design concept to other systems not investigated here should
be straight forward.

Regarding the thermodynamics of micro-phase separation, the
process is determined by the interfacial free-energy, which is
mainly influenced by the interfacial area [61]. Micro-phase separa-
tion has been reported to occur in hydrogels when thermo-
sensitive polymer segments become hydrophobic at temperatures
higher than the critic temperature T > T, and separate from hydro-
philic segments, which have more affinity with water molecules.
These thermo-sensitive segments which became hydrophobic
form local micellization, shrinking while separating from the
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hydrophilic phase. This local shrinkage and overall deswelling
results in increase in the bulk hydrogel elasticity. The hydrogel
obeys the rubber elasticity rule, as the thermoresponsive segments
are hydrophilic when T < T¢ and the swelling is more pronounced.
When T > T, the local shrinkage due to micro-phase separation
causes the increase of the elastic modulus. As reported for a PNI-
PAm/PDMA (poly(N-isopropylacrylamide)/poly(N,N-dimethylacry
lamide)) hydrogel, a further increase in temperature enhances
the degree of micro-phase separation and the elasticity is increased
significantly due to shrinkage of the thermoresponsive PNIPAm
segments [61]. In this case, however, the length scale (<100 nm)
and the underlying physical mechanism of phase separation are
different from the systems investigated here.

For the extrudable hydrogels studied here, micro-heterogeneity
formation and the corresponding elasticity increase improved dis-
pensing or extrusion quality at constant printing conditions. The
increase in elasticity enabled extrusion of uniform filaments with
high shape fidelity in systems I and III, while thinner lines could
be printed in system II. An elasticity enhancement via conventional
ways, such as increasing the crosslink density or adding reinforce-
ment fillers usually leads to an increase in the extrusion pressure
necessary for printing uniform filaments. Finally, the length scale
of the introduced heterogeneities was kept small (1-100 pm) com-
pared to the extrude filament diameter (>500 pm). This is manda-
tory to ensure high printing quality in terms of filament uniformity
and shape fidelity.

The statistical micro-scaffolding design concept is relevant to
hydrogel design applications such as 3D bioprinting, tissue engi-
neering, wound dressing or drug screening, where extrudability
is desired or required but high compressive or shear stresses could
be detrimental. Furthermore, this design concept may have impli-
cations for various applications where both mechanical strength
and heterogeneity of the hydrogel are important, e.g. in texture,
sensory and organoleptic properties perception, mechanical
robustness of filtration and adsorbent gels, or in the differentiation
of stem cells embedded in hydrogels with varying degrees of
stiffness.

4. Conclusion

A new generic design rule is presented, that allows the mechan-
ical strength of polymeric and particulate extrudable gels to be
adjusted based on the formation of heterogeneities on the length
scale 1-100 pm. This concept abandons the assumption of uniform
sample composition tacitly assumed in essentially all theories
referring to the viscoelastic behavior of gels, and offers additional
degrees of freedom for enhancing mechanical gel strength without
increasing polymer | particle concentration or average crosslink
density. In this study, different polymeric and particulate model
systems were used to demonstrate the feasibility of the strategy
and the impact on extrudability.

Micro-mechanical and structural heterogeneity was enhanced
in alginate hydrogels by accelerating crosslinking kinetics, generat-
ing higher elastic materials (17 Pa to 2300 Pa) with substantially
improved filament extrudability and shape fidelity
(1046 = 170 pm wide filaments). Adding PVA prevented alginate
crosslinking and produced softer (475 Pa to 289 Pa), more homoge-
neous hydrogels, with larger extruded filament width. Introducing
PVA into gelatin gels resulted in more heterogeneous materials
with higher elasticity (951 Pa to 1993 Pa) and therefore thinner
extruded lines (908 + 118 pum to 590 + 76 pm) due to micro-
phase separation. Higher ionic strength in Laponite-based hydro-
gels induced nanoparticle aggregation, producing materials of
higher elasticity (857 Pa to 2316 Pa) and superior extrusion quality
(1324 + 137 pm wide filaments). Further addition of alginate pre-

10

Materials & Design 227 (2023) 111803

vented cluster formation due to nanoparticle-polysaccharide inter-
actions, resulting in more homogeneous, softer materials with
larger filament spreading (789 + 40 um to 1253 + 186 pm).

These findings provide deeper insight into complex hydrogel
micro-structures in the hydrated state and expand our capabilities
to control bulk mechanical gel properties. With the design concept
developed in this study, increase in gel elasticity and improvement
in filament extrusion are possible maintaining constant extrusion
conditions. The length scale of the heterogeneity, however, was
kept much smaller (1-100 pm) than the extrude filament diameter
(>500 pm) in order to ensure uniform, interruption-free extrusion.
Further investigations should be carried on the impact of micro-
heterogeneity size, type and volume fraction on the shape fidelity
and uniformity of extruded hydrogel filaments and how this
depends on specific system properties.

In addition, this design model may have implications in several
applications in which hydrogel mechanical strength as well as
heterogeneity are relevant, namely food and cosmetic gels, as well
as hydrogels used for tissue engineering and bioprinting.

Triggered self-assembly into a “statistical microcellular” struc-
ture is a generic design strategy that can be used to tune the elas-
ticity of gels over a wide range. Following the well-known design
scheme from engineering mechanics, it is referred to here as the
statistical micro-scaffolding concept.
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