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Abstract
Three-dimensional bioprinting is an evolving versatile technique for biomedical applications. Ideal
bioinks have complex micro-environment that mimic human tissue, allow for good printing
quality and provide high cell viability after printing. Here we present two strategies for enhancing
gelatin-based bioinks heterogeneity on a 1–100 µm length scale resulting in superior printing
quality and high cell viability. A thorough spatial and micro-mechanical characterization of swollen
hydrogel heterogeneity was done using multiple particle tracking microrheology. When poly(vinyl
alcohol) is added to homogeneous gelatin gels, viscous inclusions are formed due to micro-phase
separation. This phenomenon leads to pronounced slip and superior printing quality of complex
3D constructs as well as high human hepatocellular carcinoma (HepG2) and normal human
dermal fibroblast (NHDF) cell viability due to reduced shear damage during extrusion. Similar
printability and cell viability results are obtained with gelatin/nanoclay composites. The formation
of polymer/nanoclay clusters reduces the critical stress of gel fracture, which facilitates extrusion,
thus enhancing printing quality and cell viability. Targeted introduction of micro-heterogeneities
in bioinks through micro-phase separation is an effective technique for high resolution 3D printing
of complex constructs with high cell viability. The size of the heterogeneities, however, has to be
substantially smaller than the desired feature size in order to achieve good printing quality.

1. Introduction

Three-dimensional bioprinting offers a vast array of
possibilities for biomedical applications. In this ver-
satile biofabrication process, living cells can be depos-
ited in specific positions in a 3D construct with
desired geometry. In comparison to other meth-
ods, extrusion based bioprinting (EBB) is the most
used technique due to low cost, ease of use and a
broader range of hydrogel materials available to be
used as bioink [1]. Hydrogels for tissue engineer-
ing applications often consist of mixtures of biopoly-
mers such as gelatin, alginate, chitosan or gellan gum
with synthetic polymers, poly(vinyl alcohol) (PVA),
polyacrylate hydrogels or poly(ethylene glycol) for
instance, in order to improve mechanical properties
or biocompatibility [2–4].More specifically, mixtures
of gelatin with PVA have been described as promising

composites for cell culture scaffolds [5, 6] and tissue
regeneration [7]. Many of these composite materials
and hydrogels have been valued for their low stiffness
and large pore size, which is a key requisite for tis-
sue engineering. However, many other applications
such as hydrogel drug delivery or bone reconstruction
require much more constrained mechanical proper-
ties. A method to enhance these properties is nano-
particle reinforcement [8, 9]. Nanosilicate compos-
ites, such as mixtures of biopolymers with Laponite®
clay nanoparticles, have been widely investigated for
tissue engineering constructs due to its biocompatib-
ility and degradation in nontoxic products [10–13].

One crucial requirement for EBB is finding bioink
materials that allow for high printing quality, i.e. high
resolution and good mechanical stability of the
printed construct while providing high biocompatib-
ility and cell viability despite significant shear stresses
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Figure 1. Schematic showing the connection between cell viability improvement and introduction of micro-heterogeneities in
bioinks. Modification of bioinks via micro-heterogeneity formation can induce plug flow as well as reduced viscous deformation.
Both approaches would reduce shear stress transfer to the living cells while printing, thus improving cell survival. Plug flow
formation can happen via wall slip (thin layer formation with slip velocity V s) or via high yield stress (τ y), then only regions with
local stress τ (r)> τ y would be sheared. Note, that in a straight channel the shear stress increases linearly from 0 to its maximum
value τ (RN) at the wall (given by equation (4)). Reduction of viscous deformation within the bioink can be achieved by increasing
its brittleness, when sample fracture occurs at a critical stress at stresses τB lower than the yield stress τ y.

that may be present during bioprinting [14, 15]. 3D
printing of complex structures has been described
using the FRESH technology with collagen bio-inks
and support materials that can be melted away [16]
or using the NICE technique to print GelMA, kappa-
carrageenan andnanosilicates by increasing the print-
ing temperature to 37 ◦C [17]. However, there is a
lack of bioink materials that allow room temperat-
ure printing of self-standing structures with high cell
viability.

Another important aspect in the search for bioink
materials is the need of more complex and hetero-
geneous engineered hydrogel composites in order to
mimic the native human tissue microenvironment
[15, 18–20]. Moreover, a lack of control over micro-
heterogeneity formation in hydrogels and shortage of
adequate methods for characterizing microstructural
heterogeneity in the hydrated state is also a challenge
to be overcome. Limitations on the use of cur-
rently available imaging methods for hydrogel micro-
structure characterization have been reported in the
literature [21–23]. Commonly usedmethods for ima-
ging hydrogels include scanning electron microscopy
(SEM), which gives morphological information of
dried samples surfaces, and x-ray micro-tomography
(µCT), which is able to image the three-dimensional
structure of the sample. However, sample processing
such as drying and coating with conductive mater-
ial which is normally required for SEM, or the need
of a contrast agent as in µCT, leads to difficulties
in resolution, limited depth penetration, artifact

production or even destruction of the original 3D
hydrogel microstructure, generating inaccurate res-
ults. Multiple particle tracking (MPT) technique,
a micro-rheology method, is an effective tool for
microstructural visualization and local flow behavior
characterization without sample modification, espe-
cially in cases where other microscopy methods fail.
This technique has been employed for viscoelastic and
microstructural characterization of hydrated food
emulsions and gels [24]. To our knowledge so far,
there are a few published data on visualization of
biocompatible hydrogels micro-heterogeneities using
MPT [25–28].

Introduction of micro-heterogeneities has the
potential to confer biomechanical as well as bio-
chemical gradients to the bioink, resulting in com-
plex materials that better resemble human tissue
physiological conditions [29]. There is an unambigu-
ous relationship between shear forces and cell damage
during extrusion-based printing [30, 31]. Strategies
for protecting living cells from shear deformation
and stresses during the extrusion process and con-
sequently improving cell survival involve formation
of a plug-like flow [32] or reduced viscous deforma-
tion of the bioink (figure 1). Both strategies confer the
bioink a lower capacity of transferring shear stress to
the living cells. Plug flow is expected when wall slip
takes place as well as when bioink yield stress, i.e. the
stress necessary for a material to start flowing, is very
high. The ability of a bioink to exhibit plastic deform-
ation can be reduced by increasing its brittleness.
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Particularly, little viscous deformation occurs when
brittle failure sets in at stresses lower than the yield
stress. In this study, the conducted approach for limit-
ing shear force transfer between the carrying material
and the living cells include the targeted introduction
of micro-heterogeneities in the bioink (figure 1).

In order tomodify the hydrogel mechanical prop-
erties and hence decrease shear force transfer dur-
ing extrusion, two strategies for inducing micro-
heterogeneity formation in gelatin based bioinks for
EBB are presented in this work. The first strategy
is the addition of a polymer solution (PVA) to a
homogeneous gelatin hydrogel and the second is the
incorporation of clay nanoparticles (Laponite) into
gelatin gels. The MPT technique was employed to get
new insight into themicrostructural andmicromech-
anical properties of hydrogels in the hydrated state.
Heterogeneity formation via different mechanisms
of micro-phase separation on the length scale 1–
100 µm was characterized and its impact on the bulk
elasticity, printability and cell viability was carefully
analyzed. Hydrogel bulk mechanical properties were
characterized employing classical rotational as well as
capillary rheometry and uniaxial compression tests.
Rotational rheometry allowed for wall slip as well as
brittle failure visualization and the determination of
gel elasticity, slip velocity as well as slip and fracture
stresses. Wall slip behavior also shows up in appar-
ent viscosity data obtained from capillary rheometry,
while Young’s modulus was obtained with uniaxial
compression tests. Finally, moderately heterogeneous
hydrogels allowed 3D printing of self-standing com-
plex constructs at room temperature without a sup-
port bath and provided high cell viability after 7 d of
cell culture.

2. Experimental section

2.1. Hydrogel preparation
Gelatin extra pure (gold, 180 Bloom) was pur-
chased from Carl Roth (Karlsruhe, Germany).
PVA (Mowiol ® 4-98, Mw ∼ 27 000 g mol−1) was
purchased from Sigma- Aldrich Chemie GmbH
(Taufkirchen, Germany). Dulbecco’s Modified
Eagle’s Medium (DMEM w: 4.5 g l−1glucose, w: L-
glutamine, w: sodium pyruvate, w/o: phenol red, w:
3.7 g l−1NaHCO3) was purchased from PAN Biotech
(Aidenbach, Germany). Laponite-XLG XR was pur-
chased from BYK-Chemie GmBH (Wesel, Germany).
Gelatin and PVA solutions were obtained stirring
the powder with DMEM at 40 ◦C and ultrapure
water at 90 ◦C, respectively, at approximately
100 rpm for 10 min. Polymer solutions were ster-
ilized using polyethersulfone membrane filters (pore
size 0.22 µm). Two-polymer hydrogels were prepared
by mixing the PVA solution with the gelatin solu-
tion at desired concentrations with the ratio gelatin

Table 1. Detailed composition of the gelatin-based hydrogels.

Hydrogel Gelatin PVA Laponite

6G 6% — —
6G2P 6% 2% —
6G4P 6% 4% —
6G0.2L 6% — 0.2%
6G0.4L 6% — 0.4%
8G2P 8% 2% —
8G4P 8% 4% —

solution:PVA solution 8:2 for 10 min at 100 rpm. For
example, 10ml of the sample 6G2P (6% gelatin+ 2%
PVA, table 1) would be prepared by mixing 8 ml of
7.5%gelatin inDMEMsolutionwith 2ml of 10%PVA
aqueous solution. Hydrogels containing nanoparticle
were produced the following way: Laponite XLG nan-
oparticles were dispersed in ultrapure water with a
planetary mixer (Speedmixer, Hauschild GmbH &
Co KG, Hamm, Germany) for 10 min at 2500 rpm.
Laponite composites were prepared bymixing gelatin
solution with the Laponite suspension with the ratio
gelatin solution:Laponite suspension 8:2 for 10min at
2500 rpm. For example, 10 ml of the sample 6G0.2L
(6% gelatin + 0.2% Laponite, table 1) would be pre-
pared by mixing 8 ml of 7.5% gelatin in DMEM
solution with 2 ml of 1% Laponite in water suspen-
sion. Gelatin/Laponite mixtures presented pH value
of 8.

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
2.2.1. Rotational rheometry
A rotational rheometer (Rheoscope I, Thermo Fisher
Scientific, Germany), equipped with a stainless-steel
plate-plate measuring cell (diameter 20 mm, gap dis-
tance 2 mm) was used to perform small amplitude
oscillatory shear experiments at 20 ◦C. Sandpaper
(P320 grit, roughnessRz= 59± 16mm)was attached
to the parallel plates using a double-sided tape in
order to avoid slip. Both tape and sandpaper were
carefully cut using a round punch tool in order
to obtain the exact diameter of the parallel plate
geometry. The sandpaper was exchanged after each
measurement in order to guarantee that it was evenly
adhered to the plates.

For all gels, frequency sweeps, covering the fre-
quency range from 0.1 to 100 rad s−1, were per-
formed at a stress amplitude sufficiently small to
provide a linear material response. An exemplarily
amplitude sweep test showing the linear viscoelastic
region (shear stress τ < 220 Pa, for all samples) can
be found in figure S1 for sample 6G4P. Frequency
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sweep tests were conducted at a shear stress amp-
litude value of 3 Pa for all gels. The data con-
firmed that the storage modulus G′ was essentially
frequency independent and its value at frequency
ω= 1 rad·s−1 was determined as the bulk shear mod-
ulusG0 of the investigated gel. Shear stress rampswere
applied to assess the slip behavior with smooth plate-
plate fixtures (without sandpaper, diameter 25 mm).
The shear stress was stepwise increased from 1 to
10 kPa and normal force values varied from 0 N to
2 N. Video recordings were performed using a high-
speed camera (MikroCam II 3.1MP, Bresser, Ghede,
Germany) in order to visualize the deformation of
the sample rim. Slip velocity vs at the rim of the
plate was determined using equation (1), where n
is the plate rotational velocity and r is the plate
diameter

vs = 2nπr. (1)

2.2.2. Capillary rheometry
High shear viscosity data were determined at
20 ◦C using a self-assembled piston-driven capil-
lary rheometer. The self-assembled capillary rheo-
meter consists of a hydraulic oil pump (60 bar and
7 l min−1, GKS Hydraulik, Kressbronn am Bodensee,
Germany), a piston made of stainless steel with
20 mm diameter and 28.5 cm length and a self-
programmed software recording piston speed as well
as extrusion pressure data. The samples were forced
to flow through a stainless steel capillary with 0.5 mm
diameter and 80 mm length at controlled volumet-
ric flow rates corresponding to constant shear rate
values using the 20 mm diameter piston. The res-
ulting extrusion pressure was recorded using a pres-
sure transducer (0–50 bar, Dynisco Europe GmbH,
Heilbronn, Germany).

The apparent viscosity ηs is given by the ratio of
shear stress τ and shear rate γ̇:

ηs =
τ

γ̇
(2)

where shear rate is given by equation (3):

γ̇ =
4 V̇

πRN
3 (3)

where V̇ is the volumetric flow and RN the nozzle
radius.

And the shear stress is given by equation (4):

τ =
∆p. RN

2L
(4)

where ∆p is the pressure difference between the
sample reservoir and the nozzle outlet measured
using a pressure sensor mounted 1 cm above the
nozzle inlet and L is the nozzle length.

The viscosity calculated according to
equations (2)–(4) have to be treated as apparent val-
ues since these equations are only valid forNewtonian
fluids. Entrance pressure loss corrections can be safely
neglected, since a capillary nozzle with L/RN = 160
was used. Corrections that take into account the shear
thinning behavior of the gels were not performed
here.

2.2.3. Uniaxial compression tests
Uniaxial unconfined compression tests were per-
formed 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 com-
pressed with a plate (5 cm × 5 cm) at a compression
speed of 0.1mm s−1 . Young’smodulus Ewas determ-
ined as the slope of the linear stress-strain curve in the
strain region<40%.

2.3. Microrheology
MPT: the MPT setup used in this study 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) [33].
Green fluorescent carboxyl-functionalized poly-
styrene microspheres of 0.2 µm diameter with dens-
ity 1.06 g cm−3 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 µm away from the surface, to minimize wall
effects. 2D images (field of view 127× 127 µm, frame
rate 50 frames sec−1) of the fluorescent particles
were recorded using a sCMOS camera Zyla X (Andor
Technology). Movies of the fluctuating microspheres
were analyzed using a custom MPT routine incor-
porated into the software Image Processing System
(Visiometrics iPS) [34, 35]. Particle tracking and
calculation of mean square displacement (MSD),
as well as the statistical analysis of the trajector-
ies was done using a self-written Matlab® program
based on the widely used Crocker and Grier track-
ing algorithm [33, 36]. Tracer particles were added
prior to gelation, to ensure a homogeneous distri-
bution of the tracer particles within the sample. The
local viscoelastic modulusG∗(ω) around a sphere as a
function of the frequencyω can be determined from
equation (5) [37]:

4



Biofabrication 15 (2023) 045013 B R Maciel et al

G∗ (ω) =
kBT

πaiω⟨∆r̃2 (iω)⟩
= G ′ (ω)+ iG ′ ′ (ω)

(5)

with α being the tracer particle radius, kB the
Boltzmann constant, T the temperature and⟨
∆r̃2 (iω)

⟩
the MSD of the tracer particles.

Tracers trapped in an elastic network exhibit a
time-independent MSD directly related to the appar-
ent local shear modulus of this region:

G0,MPT =
2kBT

3πa∆r2
. (6)

Tracers freely diffusing in a viscous environment
exhibit a linearly increasing MSD and the apparent
viscosity ηMPT of the surrounding fluid is determ-
ined using equation (7) obtained from the Stokes–
Einstein relation [38], and the relation

⟨
∆r2(τ)

⟩
=

4Dτ , whereD is the diffusion coefficient related to the
MSD

⟨
∆r2(τ)

⟩
as a function of the lag time τ [39]:

ηMPT =
kBT

6πaD
. (7)

2.4. Printing quality evaluation with extrusion
based 3D printing
The gelatin-based hydrogels were printed on micro-
scope glass slides using a pressure-controlled Voxel
8 Developer’s Kit 3D printer (Voxel 8 Inc., Harvard,
USA). 3 CC cartridges (Nordson EFD, Feldkirchen,
Germany) and straight needles of stainless steel,
(0.15 mm outlet diameter and 12 mm length,
VIEWEG,Germany), were used to extrude the hydro-
gels in log pile pattern (self-written G-Code, 0.15mm
layer height for all cases) and in ear shape construct
(Human Right Ear model by col98 available in www.
thingiverse.com/thing:1697869) with pressure values
varying from 0.3 to 0.4 MPa. The print head velocity
was kept at 600 mm min−1 for all samples. The 3D
constructs were imaged using a Digital Microscope
VHX-950 F (Keyence, Neu-Isenburg, Germany) and
image analysis of printing quality was performedwith
the software Image Processing System (Visiometrics
iPS).

2.5. Cell encapsulation and 3D bioprinting
Human hepatocellular carcinoma (HepG2, purchased
from Sigma- Aldrich Chemie GmbH, Taufkirchen,
Germany) and normal human dermal fibroblasts
(NHDFs, purchased from PromoCell, Heidelberg,
Germany) cells were detached from their respective
cell culture flasks with trypsin-EDTA 0.25% and sus-
pended in DMEM (high glucose). The gelatin-based
gels were liquefied by heating to 37 ◦C.Then, 950µl of
sample was gently mixed with 50 µl of cell suspension
(eitherHepG2orNHDF) so that the bioink contained
a final cell concentration of 2,5 × 106 cells ml−1.
Controls (200µl) were taken prior to printing and the
cell-laden gelatin-based bioink was placed in a syr-
inge and allowed to thermally gelate for 30 min–1 h

at 20 ◦C. The extrusion based 3D bioprinter BioSpot
BP (Biofluidix GmbH, Freiburg, Germany) was used
for bioprinting at 20 ◦C. Bioinks were 3D printed in
log pile shapes with 4 layers on adhesive slides with
250 µm straight needles of stainless steel at an extru-
sion rate of 0.015–0.02 mm s−1 and a printing speed
of 5 mm s−1. 3D printed constructs were enzymat-
ically crosslinked with 10 wt.% (for gels evaluated
on day 1) and 20 wt.% (for gels evaluated on day
7) transglutaminase (100 U g−1, kindly provided by
Ajinomoto, Co., Kawasaki, Japan). The enzyme dis-
persion was prepared by stirring the powder with
ultra-pure water at 50 ◦C for 10 min. The enzyme
dispersion was dripped on top of the printed con-
structs and left for 1 h before washing with DPBS-/-

(Dulbecco’s phosphate buffered saline, without cal-
cium and magnesium). 3D printed constructs were
covered with 10 ml DMEM in a petri dish and
furthered cultivated at 37 ◦C and 5%CO2. DMEM,
DPBS-/- and trypsin-EDTA used in this section were
purchased from Gibco® Life Technologies, Carlsbad,
USA.

2.6. Live/dead staining
Post printing cell viability was assessed for HepG2
cells at day 1 and NHDF cells at days 1 and 7. The
supernatant cell medium was removed and the cell-
laden hydrogel constructs were stained with Calcein-
AM (4 µg ml−1, Life Technologies, Carlsbad, USA)
and propidium iodide (20 µg ml−1, Sigma-Aldrich,
Taufkirchen, Germany). After 30 min of incubation,
the staining solution was removed, the constructs
were washed twice with DPBS and then covered
with cell culture medium. Z-stack images were recor-
ded for evaluation using the confocal microscope
Leica Stellaris 5 (Leica Microsystems GmbH,Wetzlar,
Germany). At least three parallel images were ana-
lyzed and HepG2 cell viability was determined by the
fraction of viable cells over the total cell count and
NHDF cell viability was determined by the fraction
of detected live cell area over the total cell area with
the software ImageJ.

2.7. Statistical analysis
Data are depicted as mean ± SD with N ⩾ 3 for all
groups. Comparisons between different data sets were
performed using one-way ANOVA with Bonferroni
correction. Differences were statistically significant
for p< 0.05.

3. Results

3.1. Micro-heterogeneity characterization
We present two strategies for inducing micro-
heterogeneity in gelatin hydrogels: addition of a
second polymer and addition of nanoparticles.
Measuring the particle distribution and particle tra-
jectories in the bioink via MPT using fluorescent
carboxyl-functionalized polystyrene microspheres
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Figure 2. (A)–(E) Overlay plots for samples 6G, 6G2P, 6G4P, 6G0.2L and 6G0.4L (four videos were analyzed for each
concentration), some viscous inclusions are indicated in green and polymer/nanoparticle clusters are indicated in red,
(F) microscopy image of sample 6G2P, some round viscous inclusions are indicated by arrows. Scale bar: 10 µm (G) representative
MSDs of elastic trajectories as a function of lag time for sample 6G2P, (H) overlay plot for tracer particles directly injected in
viscous inclusions, (I) representative MSDs of viscous trajectories for sample with 6G2P, as obtained by MPT measurements.

allows for the microrheology by imaging technolo-
gies. Overlay images created from 500 images taken
from MPT video sequences show that pure gelatin is
a homogeneous hydrogel, with tracer particles uni-
formly dispersed in the 6G sample (figure 2(A)).
By adding a second polymer (PVA) (figures 2(B)
and (C)), a heterogeneous micro-structure in the
form of discrete pore-like inclusions appears, cor-
responding to the white areas (some are green
colored) in figures 2(B) and (C)) containing no
tracer particles. The round shaped inclusions can
be observed in images obtained by white light micro-
scopy (figure 2(F), sample 6G2P). The detectedMSDs
are time independent, indicating that all tracers
are embedded in the elastic matrix environment
provided by the gelatin gel for all compositions
with local elasticity G0,MPT in the range of 10–25 Pa
(figure 2(G) shows MSD example for sample 6G2P).
In order to characterize the void spaces of the gels
with PVA, tracer particles were directly injected into
the inclusions with a syringe (figure 2(H)). The
MSDs vary linearly with time, as shown exemplar-
ily for sample 6G2P in figure 2(I) indicating that the
tracer particles are diffusing freely in the surrounding
material. These inclusions are presumably formed of
aqueous PVA solution. When gelatin thermal gela-
tion occurs, PVA in solution demixes from the elastic
matrix forming the beads-free, pore-like viscous
inclusions while the tracer particles are arrested and
remain in the gelatin elastic region. Liquid–liquid and
solid–liquid separation normally depend on environ-
mental stimuli, such as temperature or pH [40, 41].
In our study, liquid gelatin and PVA solutions were
well mixed with the tracer particles at 40 ◦C. By

decreasing the temperature, micro-phase demixing
is triggered and ceases (together with gelatin phys-
ical thermal crosslinking) when room temperature
(20 ◦C) is reached. By increasing PVA concentration
from 2 to 4 wt.%, size of the pores increases from
5 ± 2 µm to 28 ± 11 µm and local viscosity ηMPT in
the pores from 6 ± 4 mPas to 30 ± 4 mPas (corres-
ponding to PVA concentrations of∼5 and∼6.5 wt%,
respectively), as obtained by MPT measurements.
At the same time, the fraction of viscous area in the
elastic hydrogel increases from 2 ± 1% to 24 ± 5%,
suggesting that more PVA demixed from gelatin.

Turning to the second strategy, the addition of
nanosilicate particles (Laponite-XLG XR), induces
formation of densely packed micro-heterogeneities
depleted of tracer beads and presumably consti-
tuted of polymer and nanoparticles aggregates
(figures 2(D) and (E)). Gelatin and Laponite inter-
act electrostatically, especially in the presence of
electrolyte, such as the salts present in the aqueous
solvent DMEM, leading to micro-phase separation
and aggregate formation [42, 43]. By increasing
Laponite concentration from0.2 to 0.4wt.%, agglom-
erate size increases from 34 ± 14 µm to 82 ± 32 µm
and the fraction of micro-heterogeneities in the gel
increases from 4 ± 3–26 ± 15%, indicating that
micro-phase separation was enhanced. Similar to
the system with PVA, MSD of all tracers dispersed
in the gelatin/Laponite matrix are time independent
with 10 Pa<G0,MPT < 25 Pa. RepresentativeMSDs of
elastic trajectories as a function of lag time for sample
6G0.2L is show in figure S2.

Here we have created overlay images from video
sequences obtained from MPT using fluorescent
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Table 2. Size, viscosity and fraction of micro-heterogeneities in
samples 6G2P, 6G4P, 6G0.2L and 6G0.4L.

Sample Size/µm
Viscosity

(ηMPT)/mPas
Fraction in
the gel/%

6G2P 5± 2 6± 4 2± 1
6G4P 28± 11 30± 4 24± 5
6G0.2L 34± 14 — 4± 3
6G0.4L 82± 32 — 26± 15

Note, these micro-heterogeneities characteristics are valid for the

gel preparation method described here. Other preparation

methods might result in micro-heterogeneities with different

features.

tracers as a convenient, non-destructive means to
visualize the size and shape of heterogeneities in
gelatin hydrogels. In case of the viscous inclusions
even the viscosity (and hence polymer concentration)
of the inclusions is accessible using MPT.

Bright-field as well as fluorescence microscopy
images for all hydrogels can be found in figure S3.
PVA pore-like viscous inclusions in the gelatin gel can
be observed via bright-field microscopy (figures 2(F)
and S3). However, Laponite/gelatin aggregates can
not be detected, presumably because their refractive
index is very close to that of the surrounding hydrogel
matrix. These micro-heterogeneities could be visual-
ized employing fluorescence microscopy (figure S3).
These results obtained for the hydrogel in hydrated
state corroborate the earlier findings of Ahlfeld,
Ahlfeld et al [11], which detected heterogeneous dis-
tribution of Laponite in dehydrated nanoclay based
bioinks in terms of energy dispersive electron spectro-
scopymapping.Micro-heterogeneities characteristics
for all samples are summarized in table 2.

3.2. Macrorheological characterization: slip,
shear-induced fracture and elasticity
PVA demixing from gelatin matrix leads to formation
of a liquid phase that can potentially act as a lubric-
ation layer for the hydrogel during extrusion. Based
on this hypothesis, experiments were performed with
the rotational rheometer in order to evaluate the slip
behavior of the samples. The onset of slip is char-
acterized by the critical shear stress τ s necessary for
the upper plate to rotate while the hydrogel remains
intact. The video snapshots reveal that polymer solu-
tion is released from the gels when compressing
samples including PVA (see figure 3(A)). This liquid
phase is also responsible for the sample to slide away
from parallel plate geometry at high shear stresses
even before it breaks (figure 3(B)). Figure 3(A) shows
a snapshot right after the sample 6G4P was com-
pressed (FN = 2 N) by the plate geometry before the
measurement started (shear stress τ = 0 Pa). When
compressed, PVA solution from the micro-pores is
expelled, as pointed by the arrow. Figure 3(B) shows
the pronounced wall slip behavior of sample 6G4P
during rotational rheometry measurement. At shear

stresses higher than τ S, the sample begins to slip and
eventually slides away from the plate geometry. The
snapshot was taken at shear stress τ = 1 kPa. For
better visualization of the wall slip effect on the gel
6G4P, the video V1 is available in the supplementary
material.

This pronounced slip behavior is not observed for
the pure gelatin gel and the gelatin/Laponite com-
posites (6G, 6G0.2L and 6G0.4L), in which no liquid
spillage takes place during compression (figure 3(F)).
The lack of lubrication leads to eventual gel fracture
at high shear stresses (figure 3(G)). Video recordings
of these experiments are found in the supplementary
material (V1 and V2).

The critical slip stress values for gels 6G, 6G0.2L
and 6G0.4L were very similar, τ s ≈ 1000 Pa
(figure 3(C)). Gels with PVA, on the other hand,
start slipping at much lower shear stresses due to
lubrication layer (τ s ≈ 500 Pa for sample 6G2P and
τ s ≈ 250 Pa for sample 6G4P). For shear stresses
higher than the slip stress, the apparent slip velo-
city was determined at the rim of the rotating plate
(equation (1)). Again, pronounced slip behavior is
observed for samples with PVA as the slip velocity
for these gels is approximately 2 orders of mag-
nitude higher than for pure gelatin and mixed gelat-
in/Laponite gels when compared at a given shear
stress (figure 3(D)). This slip phenomenon for
samples 6G2P and 6G4P is expected to play a cru-
cial role during EBB as well. This shows up directly in
the flow curves obtained from capillary rheometry.
In this technique samples are extruded through a
capillary using a piston, mimicking the EBB process.
Apparent viscosity curves for gelatin andmixed gelat-
in/Laponite gels (samples 6G, 6G0.2L and 6G0.4L)
shown in figure 3(E) are very similar, showing that
Laponite aggregates do not affect gel apparent flow
behavior. For samples with PVA, however, a drop
in viscosity is observed in the whole shear rate range
investigated, which is associated with the pronounced
slip behavior.

The brittle behavior observed in pure gelatin gels
is even more pronounced when Laponite is intro-
duced. Samples 6G0.2L and 6G0.4L break at lower
shear stress τB ⩽ 3 kPa in comparison to sample 6G,
τB ≈ 5 kPa (figure 3(H)). Uniaxial compression tests
also show a pronounced drop in the Young’s modu-
lus E for gels with Laponite in comparison to pure
gelatin and samples with PVA (figure 3(I)). This is
presumably due to the polymer/nanoclay agglomer-
ates acting as stress concentration spots in the hydro-
gel. These highly stressed regions can lead to localized
yielding and plastic deformation of the material [44].
Load-bearing particulate aggregates undergo non-
affine deformation that induces buckling and accel-
erates material failure [45]. The brittle characteristic
of mixed gelatin/Laponite gels under compression is
expected to affect its performance in EBB as well.
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Figure 3. (A)–(B), (F)–(G) Video snapshots during shear stress ramp measurements with a plate-plate rheometer, for full videos
see supplementary material V1-2, a constant normal force FN = 2 N was applied during all stress ramp experiments, (A) liquid
coming out of gel 6G4P at rest indicated by the arrow and (B) sample 6G4P sliding away at a critical stress of 1 kPa, similar
behavior is observed for samples 6G2P, (F) no liquid coming out under compression of gel 6G at rest and (G) hydrogel fracture of
gel 6G at a critical stress τB = 4 kPa indicated by the arrow, similar behavior was observed for samples 6G0.2L and 6G0.4L;
(C) slip stress, (D) slip velocity and (H) fracture stress as obtained by shear stress ramp measurements with a plate-plate
rheometer at a normal force of 2 N; (E) Apparent viscosity determined by capillary rheometry; (I) Young’s modulus E determined
by compression tests; (J) bulk shear modulus G0 determined by shear rheometry. Data is presented as mean value and error bars
correspond to the standard deviation of three replicates.

Gelatin is usually functionalized, allowing for a
chemical crosslinking to a stable scaffold for tissue
engineering. The functionalization and the rate of
crosslinks within the gelatin hydrogels influences the
pore size and the mechanical properties. Tuning of
crosslinking density and mechanical properties is of
great relevance for growth and differentiation of liv-
ing cells in gelatin hydrogels [46]. An increase in shear
elastic modulus G0 was observed for both strategies
of micro-heterogeneity formation presented in this
study, despite the absence of gelatin functionalization
(figure 3(J)). Even though PVA is not crosslinked and
remains in solution, hence not directly contributing
to the elasticity, G0 increases from 475 Pa (sample
6G) to 927 Pa (sample 6G4P). For comparison, a
gelatin concentration, i.e. amount of physically cross-
linked polymer, of 8 wt.% is required to obtain a
modulus G0 = 1000 Pa in a uniform gel (figure S4).
A densely crosslinked polymer network can impair
nutrient diffusion and cell proliferation [8], aside
from enhancing cell damage while printing due to
higher viscosity and thus higher shear stresses [47].
The addition of PVA increases elasticity in a com-
parable way without further addition of crosslinked
polymer and at the same time induces a porous con-
figuration. Similarly, an investigation conducted with
alginate based hydrogels shows that a gel with lower
alginate content but enhanced heterogeneity exhibits

elasticity equivalent to a more homogeneous gel with
higher polymer content (figure S5).

In addition, the gelatin/Laponite interaction and
aggregate formation leads to an increase in G0 from
475 Pa (sample 6G) to 630 Pa (sample 6G0.4L). This
elasticity enhancement at small shear deformations
due to micro-heterogeneities generated in gelatin gels
is expected to show positive effects on the mechanical
stability of 3D printed constructs.

3.3. EBB: printing quality evaluation
The printing quality of the hydrogels was evaluated
in three steps: 2D log pile geometry (two printed lay-
ers), 3D log pile (5 mm high and 15 mm length) and
complex construct (human ear shape, 7mmhigh and
3 cm length), without supporting material.

All gels show high shape fidelity regarding the
log pile geometry (line width < 1.5 mm) when 2D
constructs are printed (figures 4(A)–(E)). Hydrogels
including only a small fraction of viscous droplets or
dense particle clusters (6G2P and 6G0.2L, see table 2),
however, display distinctly improved line quality,
with thinner (line width < 0.6 mm, figure 4(F)) and
more uniform lines than pure gelatin (6G, line width
∼1 mm) and gels with more pronounced hetero-
geneity (6G4P and 6G0.4L, line width > 0.75 mm).
Note, the higher shear modulus of the heterogen-
eous hydrogels does not necessarily lead to a decrease

8
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Figure 4. 2D log-pile, 3D log-pile (top and side view) and human ear shape complex constructs (top view) printed with (A) 6G,
(B) 6G2P, (C) 6G4P, (D) 6G0.2L and (E) 6G0.4L samples. Scale bar: 3 mm. (F) Line width determined from 2D construct;
(G) human ear 3D model; (H) self-standing ear helix overhang of 58◦ printed 4 mm above the glass slide with sample 6G2P;
(I) unsupported printed ear positioned upright. All printing experiments were performed using a straight nozzle with 0.15 mm
diameter.

in line width, which is observed for homogeneous
pure gelatin gels (figure S4). This suggests that the
slip or gel fracture phenomena described above may
also contribute to the print quality of such gels, like-
wise the proportion andmagnitude of heterogeneities
could play a role in the uniformity of the printed lines.

When more layers are added and 3D constructs
are printed, the disparity in printing quality becomes
more relevant. Finer printed lines obtained from gels
6G2P and 6G0.2L form 3D constructs with superior
top surface geometrical accuracy. This superior print-
ability with moderately heterogeneous gels appears
to be essential for complex constructs 3D printing,
as good resolution and excellent shape fidelity were
achieved with gels 6G2P and 6G0.2L when printing
a human ear geometry. The human ear 3D model is
a complex object with a rounded shape which dis-
plays more details than the simpler grid geometry
(figure 4(G)). Self-standing ear helix overhangs of
approximately 58◦ were successfully printed 4 mm
above the glass slide with sample 6G2P (figure 4(H)).
Moreover, all the printed constructs display mechan-
ical stability provided by the high elastic shear modu-
lus, and they do not collapse when positioned upright
(see figure 4(I) for sample 6G2P). The pure gelatin
gel 6G and also the mixed gels with pronounced het-
erogeneity 6G4P and 6G0.4L did not provide good

resolution for complex shaped constructs and failed
in terms of shape fidelity.

The presence of viscous pore-like inclusions in
6G2P gel enhances slip behavior while polymer-
nanoclay aggregates in 6G0.2L gel promote brittle
failure and lead to gel fracture at lower stresses
than pure gelatin. Regardless of whether the micro-
heterogeneities are viscous or solid, both of these
phenomena facilitate extrusion, allowing the fabric-
ation of complex 3D constructs with excellent print-
ing quality. However, this is not observed for samples
6G4P and 6G0.4L, inwhich themicro-heterogeneities
are larger and their fraction is higher (>20%). While
targeted introduction of micro-phase separation is
shown to significantly improve extrusion in compar-
ison to the homogeneous gel, the size and amount
of the micro-heterogeneities has to be limited for
successful high quality printing. For uniform fila-
ment extrusion, the micro-heterogeneity dimensions
should be considerably smaller than the printed fea-
ture size, namely the nozzle diameter. As a rule
of thumb, particle aggregates should be ten times
smaller than the nozzle size to avoid clogging [48]
or filament interruptions in case of freely flowing
viscous inclusions. For the systems studied here, a
150 µm diameter nozzle was employed and positive
results were obtained for gels with small inclusion
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Figure 5. Live/dead staining of HepG2 cells embedded in samples (A)–(C) 6G, 6G2P, 6G4P, (E)–(G) 8G, 8G2P, 8G4P and samples
(H)–(J) 6G, 6G0.2L, 6G0.4L followed by confocal microscopy. Live cells were stained with calcein-AM (green) and damaged cells
with propidium iodide (red). Scale bar: 100 µm. (D); (K) Cell viability as determined by the fraction of viable cells over the total
cell count. Data is present as mean± SD and ∗ indicates p< 0.05. (L) 3D printed log pile construct for sample 6G2P with
embedded HepG2 cells at day 1. (M)–(O) Microscopy images of cross shape regions in the log pile scaffolds for samples 6G, 6G2P
and 6G0.2L with embedded HepG2 cells at day 1. Scale bar: 100 µm.

size (5 ± 2 µm for sample 6G2P) as well as with lar-
ger micro-heterogeneities (34 ± 14 µm for sample
6G0.2L) that, however, are scarcely present (4± 3%of
the total hydrogel area). On the other hand, larger vis-
cous inclusions or aggregates (>28µm)amounting to
more than 24% of hydrogel fraction (samples 6G4P
and 6G0.4L) impair filament uniformity. Similarly,
for alginate based hydrogels, several small viscous
inclusions (up to 12 ± 6 µm) which amount to 18%
of the hydrogel volume allow for uniform filament
printing in 2D (figure S5), while few large micro-
heterogeneities that reach 100 µm in size disrupt fila-
ment uniformity.

3.4. 3D bioprinting: cell viability
Bioprinting experiments were performed with
human hepatocarcinoma HepG2 cells embedded in
the 6 wt.% and 8 wt.% gelatin based hydrogels to
evaluate the impact of the 3D printing process on the
cell viability. Details on bulk and micro-mechanical
properties of the samples with 8 wt.% gelatin can be
found in the supplementary material (figure S6). Log
pile structures of four layers were printed at 20 ◦C.
The minimum amount of mTG necessary for stably
crosslinking the hydrogels for the respective cell cul-
ture time was used. Namely, 10% mTG was used for
day 1 and 20% mTG for 7 d of cell culture. Live/dead
assay (figures 5(A)–(G)) reveals high cell viability at
day 1 for hydrogels with PVA (>50% for 8% and
>65% for 6% gelatin compositions) (figure 5(D)),
while viability was considerably lower for homogen-
eous pure gelatin hydrogels (<35% for both 6G and

8G samples). The slip induced by the viscous PVA
inclusions leads to a dominating plug flow and the
contribution of shear deformation to gel transport
during extrusion is low. This presumably protects the
cells, causing less damage and improving viability.
The viability for HepG2 cells at day 7 was tested for
samples 6G and 6G4P and live/dead staining images
can be found in figure S7. The higher cell viability
obtained for hydrogels with PVA in comparison to
pure gelatin at day 1 seems to be qualitatively main-
tained at day 7 of cell culture (figure S7).

Similarly, printing with hydrogel composites
including Laponite (6G0.2L and 6G0.4L) resulted
in higher cell viability >65% (figures 5(H)–(K)).
This suggests, that the brittle behavior caused by
the nanoclay aggregates, which facilitates extrusion
also mitigates cell damage during printing and actu-
ally increases cell viability. A brittle fracture takes
place with little or no plastic deformation and low
energy absorption [44]. Therefore, the cells embed-
ded in the gelatin hydrogels with Laponite nanoclay
experienced a lower deformation in comparison to
cells embedded in pure gelatin samples. The brittle
behavior of gelatin/Laponite gels results in a lower
capacity of transferring deformation related shear
stress to the living cells while printing, hence increas-
ing cell viability. Cell viability values after printing
were normalized with the non-printed control. It is
worth noting that Laponite agglomerates present in
0.2L and 0.4L gels interact with propidium iodide
used to stain non-viable cells, corresponding to the
non-cell like red shapes in the images. The presence
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Figure 6. Live/dead staining of NHDF cells embedded in samples 6G, 6G2P, 6G0.2L post-printing at (A)–(C) day 1 and
(E)–(G) day 7 followed by confocal microscopy. Live cells were stained with calcein-AM (green) and damaged cells with
propidium iodide (red). Scale bar: 100 µm. (D) Cell viability as determined by the fraction of detected live cell area over the total
cell area. Data is present as mean± SD and ∗ indicates p< 0.05. (H) 3D printed log pile construct for sample 6G2P with
embedded NHDF cells at day 1. (I)–(J) Microscopy images of cross and square shaped regions in the log pile scaffolds for sample
6G2P with embedded HepG2 cells at day 1 and (K)–(L) at day 7. Scale bar: 100 µm.

of these large agglomerates was excluded from the
evaluation by normalizing the cell viability with the
controls.

A log pile structure of four layers printed on
adhesive glass slide is shown exemplarily for sample
6G2P with embedded HepG2 cells at day 1 in
figure 5(l). Details on the regions where printed fil-
aments cross can be seen in figures 5(M)–(O) for
samples 6G, 6G2P and 6G0.2L.

Normal human dermal fibroblasts NHDF cells
were embedded in the homogeneous sample 6G
and in the weakly heterogeneous samples 6G2P and
6G0.2L, which provided excellent printability and
higher viability with HepG2 cells. Hydrogels were
printed in log pile geometries of four layers and cell
viability was analyzed on day 1 to evaluate direct
3D printing impact (figures 6(A)–(C)) and on day 7
of cell culture (figures 6(E)–(G)). On day 1, hydro-
gel 6G showed cell viability <80%, while gels 6G2P
and 6G0.2L presented an improved viability >85%
(figure 6(D)). On day 7, cells exhibited elongation
with similar morphology in all gels. NHDF cells were
more concentrated on the rim of the hydrogel and
viability was>90% for all samples.

A log pile scaffold of four layers printed on adhes-
ive glass slide is shown exemplarily for sample 6G2P
with embedded NHDF cells at day 1 in figure 6(H).
Details on the regions where printed filaments cross
as well as on the void regions between filaments can
be seen in figures 6(I) and (J) for samples 6G2P at day
1 and in figures 6(K) and (L) at day 7.

Extensive research over the last decades has estab-
lished that gelatin-based gels provide good envir-
onment for cell proliferation [49, 50]. However,
much less is known about mechanisms of micro-
heterogeneity formation and how to control it in
such gels. In this study, we developed two dif-
ferent gelatin-based bioinks with tailored micro-
heterogeneity which allow for fabrication of com-
plex 3D constructs with excellent printability and
provide cell viability significantly higher than in uni-
form gelatin gels right after printing as well as after 7d
of cell culture.

4. Discussion

Targeted micro-phase separation generates highly
elastic bioinks with a complex micro-structure. Here
we investigated non-functionalized gelatin-based
gels and characterized the introduced microhetero-
geneities with respect to their size, shape, volume
fraction, and local mechanical properties using
MPT microrheology. Generally, micro-heterogeneity
formation in hydrogels leads to an increase in the bulk
shear modulus, but other effects on bulk mechanical
behavior were observed depending on the heterogen-
eity type. Gelatin/PVA hydrogels with their viscous
PVA inclusions presented distinct slip behavior with
a low critical stress τ s at which slip sets in and a very
high slip velocity at stresses τ > τ s. Gelatin/Laponite
composites include dense nanoclay/polymer clusters
resulting in brittle behavior under compression and a
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reduced shear stress τB at which the hydrogels break.
Although the effects of both types of heterogeneit-
ies on the macro-mechanical properties are evid-
ently different, in both cases smooth material extru-
sion at 20 ◦C and reduced damage to cells during
EBB is observed. Objects with excellent resolution,
i.e., higher precision due to uniform thin filaments
(width < 0.6 mm), could be obtained without sup-
port material by using moderately heterogeneous
composite gels. However, size and fraction of het-
erogeneous inclusions has to be adjusted carefully in
order to obtain excellent printing quality. The length
scale of the heterogeneities must be well below the
nozzle outlet diameter and the fraction of the (soft
and viscous or solid) inclusions should not be too
high (<24%) in order to achieve interruption free,
uniform filaments. In this study we developed het-
erogeneous, highly elastic gels that allow for print-
ing of complex self-standing 3D structures at room
temperature with better resolution, shape retention
and higher cell viability in comparison to the equi-
valent homogeneous gelatin hydrogel. Cell viabil-
ity directly after printing was drastically increased
when printing human hepatocarcinoma HepG2 cells
embedded in heterogeneous gels. The effect was
less pronounced for normal human dermal fibro-
blasts NHDF cells which exhibit a fairly high viability
even if embedded in a homogeneous gelatin bioink.
Current bioprinting strategies often adopt larger
(diameter > 0.41 mm), conical nozzles in order to
increase cell viability. Besides, gelatin-based hydro-
gels are commonly printed at higher temperatures
(>25 ◦C) in order to obtain a liquid or smoothmater-
ial that is less capable of transferring shear stresses to
the living cells. Our study shows that moderately het-
erogeneous gelatin-based hydrogels provide a much
higher cell viability in comparison to the equivalent
homogeneous hydrogel even when smaller (0.25 mm
outlet diameter), cylindrical nozzles are employed
and temperature is kept at 20 ◦C (solid state gelatin).
It is worth mentioning that, in this study, bioprint-
ing was conducted using only cylindrical needles and
high cell viability soon after printing (>65%with 6%
gelatin gels) was achieved due to the bioink design
developed here. However, other printing paramet-
ers can be adjusted with the aim of improving cell
viability, such as printing pressure and nozzle type.
Employing conical nozzles might allow the cell viab-
ility to achieve even higher levels due to reduced cell
exposure to shear forces [51].

Moreover, further research should be conducted
on functional analysis after printing and over time of
specific cell lines and its correlation with the micro-
heterogeneities formation in the bioink. Cell specific
physiological processes, such as motility as well as
gene and protein expression, should be tested in order
to gain insight on the effect of micro-heterogeneities
on the cell lines function.

5. Conclusion

In this study, hydrogels which presented balanced
heterogeneity allowed 3D printing of self-standing
complex constructs at room temperature without a
support material and provided high NHDF cell viab-
ility after 7 d of cell culture. MPT microstructural
characterization can help tailor favorable microenvir-
onment conditions and bulk elasticity for 3D printing
with living cells. Modulation of the microstructure
via inducing viscous pore-like inclusions or micro-
heterogeneity formation caused by polymer-nanoclay
interactions in gelatin networks is of great importance
for printing quality as well as supportive microen-
vironment development for cell 3D printing. The
concept of introducing micro-heterogeneities can be
transferred to other hydrogel systems in a straight for-
wardmanner and thusmay stimulate development of
further strategies for improving print quality and cell
viability.
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