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3D-printing technologies, such as biofabrication, capitalize on the homogeneous distribution and growth of
cells inside biomaterial hydrogels, ultimately aiming to allow for cell differentiation, matrix remodeling, and
functional tissue analogues. However, commonly, only the mechanical properties of the bioinks or matrix
materials are assessed, while the detailed influence of cells on the resulting mechanical properties of hydro-
gels remains insufficiently understood. Here, we investigate the properties of hydrogels containing cells and
spherical PAAM microgel beads through multi-modal complex mechanical analyses in the small- and large-
strain regimes. We evaluate the individual contributions of different filler concentrations and a non-fibrous oxi-
dized alginate-gelatin hydrogel matrix on the overall mechanical behavior in compression, tension, and shear.
Through material modeling, we quantify parameters that describe the highly nonlinear mechanical response
of soft composite materials. Our results show that the stiffness significantly drops for cell- and bead concen-
trations exceeding four million per milliliter hydrogel. In addition, hydrogels with high cell concentrations
(>6 mio ml™) show more pronounced material nonlinearity for larger strains and faster stress relaxation. Our
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1. Introduction

Hydrogels are three-dimensional polymer networks of high
water content,” which have found a wide range of appli-
cations in the context of tissue engineering (TE). Synthetic
hydrogels such as polyethylene glycol (PEG),” 2-hydroxyethyl
methacrylate (HEMA)-based hydrogels, poly(oxazoline)s
(POx), or polyacrylamide (PAAm), as well as naturally derived
hydrogels such as alginate, gelatin, collagen, or fibrin
matrices,® have been used in various biomedical appli-
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implications for microgel bead drug carrier-laden hydrogels, biofabrication, and tissue engineering.

cations.” Frequently, these include the delivery of cells,'*™*

growth factors,”>™*” or drugs,"®>* in vitro tissue and tumor
models,** > and tissue engineering (TE) matrices.>>*°

The role of biopolymer hydrogels in TE is to chemically and
physically mimic the extracellular matrix (ECM) environment to
facilitate controlled cell adhesion, proliferation, differentiation,
and matrix remodeling.”*® Therefore, not only chemical pro-
perties of hydrogels such as surface functionality or water absorp-
tion capacity play an important role," but also the mechanical
characteristics of artificial ECM materials need to be known and
tuned according to their intended application.*’™* Previous
studies have shown that neural progenitor or pre-osteoblast cells
are more likely to adhere, differentiate, and proliferate when the
artificial ECM has similar properties to the native ECM.***”

Importantly, the mechanical characteristics of biomaterial
hydrogels can be tuned by various means, such as
composition,**?**%42 chemical functionalities,”® microstruc-
ture,** and cross-linking mechanisms.**™*” Research on the
mechanical properties of materials for TE, therefore, has been
frequently focused on a single stiffness value and how it
affects cell adhesion, proliferation, and differentiation.*®*°
However, the nonlinear behavior of the native tissue ECM and
of many artificial ECM materials requires a more complex
mechanical assessment to fully reconstitute nonlinearity and
time-dependent mechanical characteristics.*>>*""
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Despite the fact that advanced scaffold fabrication tech-
niques, such as biofabrication approaches embedding cells
inside a 3D-printed hydrogel matrix,>>®* are a major research
focus in TE lately, little is known on how cells incorporated
into a material influence the final mechanical properties of
the cell-matrix composite.”®®*®! Consequently, there is a
pressing need to understand how cell concentration might
affect the mechanical properties of specific hydrogel systems.
Interestingly, van Oosten et al.>® showed that the response of
fibrin-based hydrogels to tension is stiffer than that to com-
pression (different from native brain tissue®'), which was
inverted when cells were embedded inside the gels.’® Hence,
cells inside hydrogels can significantly alter the qualitative
compression-tension asymmetry behavior, likely to be depen-
dent on the hydrogel system investigated. In addition, cell
density and growth combined with ECM production have been
shown to alter the mechanical properties of hydrogels during
TE construct maturation and represent crucial parameters for
successful TE. For instance, human cancer-associated fibro-
blasts embedded in collagenl/Matrigel™ hydrogels were found
to stiffen the material with increasing cell number,®® which
was associated with matrix remodeling caused by the cells
inside the matrix during incubation and was overcome by the
inhibition of ROCK 1/2 kinases.®® Significant increases of
aggregate and Young’s modulus were also found in agarose
hydrogels incubated with different cell densities over time.**
The effect was linked to the increasing glycosaminoglycan
(GAG) and collagen content in the ECM, synthesized by the
embedded cells.®*

Mechanical tissue- and organ-substitutes, to be used as,
e.g., soft tissue phantoms or surgical models, have been engin-
eered using various hydrogels.*®**%7%” We previously found
that alginate-based gels without embedded cells can imitate
mechanical characteristics of brain tissue.*® In contrast to
fibrin-based hydrogels,*® the matrix material showed a stiffer
behavior for compression than for tension, mimicking the
asymmetry found in native brain tissue.*®®' Yet, matrices
different from pristine alginate are required to allow for matrix
remodeling, cell proliferation, and hydrogel degradation, to
ensure successful TE approaches.*

To overcome the limited cell-material interaction and
degradation behavior of pristine alginate, advanced alginate-
based hydrogels have been introduced,"®®"®® which include
derivatives with increased cell-material interaction through
specific integrin binding motifs****””> and proteins,®""*>"*
combined with a tailored degradation behavior through oxi-
dation of the alginate.”>””® Aldehyde groups resulting from the
oxidation process allow for reversible covalent bonds between
the oxidized alginate and amine groups of proteins such as
gelatin,®®”°"® increasing their protein binding capacity and
cell adhesion properties.”® The applicability of oxidized algi-
nate-gelatin (ADA-GEL) hydrogels has been demonstrated in
several TE applications,”® including bioprinting approaches
embedding cells.®”®>®” However, the influence of cells
embedded in ADA-GEL hydrogels on the detailed resulting
complex mechanical characteristics still remains unknown.
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ADA-GEL hydrogels consist of ionically crosslinked oxidized
alginate polysaccharide combined with reversibly, covalently
bound gelatin, which contrasts with fibrous, network-building
collagen or fibrin-based hydrogels, on which the impact of
cell-fillers has been investigated before.® We have shown in
previous studies by second harmonic generation (SHG)
imaging that ADA-GEL does not possess highly ordered fibril-
lar structures,®*®® hence can be assumed as a non-fibrillar
hydrogel. Its non-fibrous crosslinking structure renders
ADA-GEL as an excellent candidate to study the effect of cellu-
lar fillers on the mechanical properties of non-fibrous hydro-
gel matrices, especially as this hydrogel proved its potential for
TE”>”° and biofabrication®>88%8%9° applications.

The goal of this work is to investigate the influence of
increasing cell density on the mechanical properties of ioni-
cally cross-linked ADA-GEL hydrogels. In addition, we aim to
evaluate whether PAAm microgel beads can mimic the effect
of embedded cells as a filler model system. PAAm microgel
beads have shown the potential to mimic cells with respect to
their diameter and elasticity, and to allow for a comparison
between different mechanical assessment techniques, such as
atomic force microscopy (AFM) and real-time deformability
cytometry (RT-DC).°" Due to their mechanical similarities to
cells, PAAm beads have been used as stress sensors,”’™ for
the calibration of RT-DC measurements,”* and to build 3D col-
loidal scaffolds with spatially differing mechanical layers for
cell growth, migration and mechanosensitivity studies.”” Here,
we investigate the mechanical properties of hydrogels contain-
ing PAAm microgel beads and embryo mouse fibroblast (NIH/
3T3) cells for small and large deformations under com-
pression, tension, and torsional shear loadings. We specifically
investigate time-dependent and nonlinear effects to systemati-
cally study the influence of different filler concentrations and
potential differences between PAAm microgel beads and cells
inside the hydrogel matrix. To underpin the mechanical
characterization, we assess bead and cell distributions inside
the gels using multiphoton microscopy techniques.

2. Materials and methods

2.1. Oxidized alginate synthesis

Sodium alginate (PH 176, VIVAPHARM alginate, JRS PHARMA
GmbH & Co. KG, Rosenberg, Germany) was oxidized following
an adapted protocol of controlled oxidization as described pre-
viously.”® In brief, sodium alginate (10 g) was oxidized using
9.375 mmol sodium metaperiodate (Sigma Aldrich, Germany)
in 100 ml of a water-ethanol (50:50 v/v) for 6 hours in the
absence of light. The oxidation reaction was quenched using
10 ml of ethylene-glycol (Sigma Aldrich, Germany) and the
solution was dialyzed against ultrapure water (UPW, Type II,
MilliQ) using dialysis tubes (Molecular Weight Cut-off
(MWCO): 6-8 kDa, Spectra/Por, Spectrum Laboratories, US) for
three days. The water was changed daily to ensure the com-
plete extraction of the oxidant, ethanol, and reaction bypro-
ducts. The oxidized alginate (alginate dialdehyde, ADA) was

This journal is © The Royal Society of Chemistry 2021
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frozen overnight and lyophilized for 72 h to yield a dry
product.

2.2. Hydrogel formulation

Hydrogel precursor solution was obtained by dissolving 7.5%
(w/v) ADA in Dulbecco’s phosphate-buffered saline (DPBS,
Gibco, Germany) and 7.5% (w/v) gelatin (GEL) (Typ A, from
porcine skin, Bloom 300, Sigma Aldrich, USA) in UPW under
continuous stirring at 37 °C. Both solutions were passed
through 0.45 m (ADA) and 0.22 m (GEL) syringe filters
(Rotilabo®, Carl Roth GmbH & Co. KG, Germany), respectively.
ADA and GEL were mixed in a 1:1 ratio and stirred until a
homogeneous solution with a final concentration of 3.75%/
3.75% (w/v) ADA-GEL was obtained.

2.3. Cell culture and maintenance

To assess the influence of cells on the mechanical properties
of hydrogel samples, NIH/3T3 cells (passage P7-P28) (murine
embryo fibroblasts 3T3, ATCC® CRL-1658™, ATCC, USA) were
used. The cells were cultured using a high glucose Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, Germany), sup-
plemented with bovine calf serum, r-glutamine, sodium pyru-
vate and penicillin-streptomycin (Gibco, Germany), at 37 °C
under a controlled humidified atmosphere (98% air, 5% CO,)
in an incubator. Cells were passaged by washing with DPBS
and detaching using 0.25% Trypsin/EDTA (Gibco, Germany).

2.4. Preparation of polyacrylamide microgel beads

PAAm beads were produced as described previously.”" Briefly,
a polydimethylsiloxane (PDMS)-based flow-focusing microflui-
dics device interfaced with a pressure-based microfluidics con-
troller (Fluigent MFCS-EX) was used to produce pre-gel mono-
disperse droplets in oil (Fig. 1a). The pre-gel mixture was
obtained by dissolving acrylamide (7.6% w/v), bis-acrylamide
(0.2% w/v) and ammonium persulphate (0.8% w/v) in 10 mM
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Fig. 1 PAAmM microgel beads and mouse NIH embryo-fibroblast (NIH/
3T3) cells used as fillers in this study. (a) Microfluidics chip device used
for the production of pre-gel bead droplets. (b) Light microscopy
images of PAAm beads and NIH/3T3 cells after trypsinization. (c) Sphere
diameter of PAAm beads and NIH/3T3 cells (n = 20). Data are shown as
mean + SD. Microgel beads and cells of similar diameters were used
(Welch's t-test).
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TRIS buffer (all Sigma Aldrich, Germany). The oil (HFE-7500,
3M™, USA) solution was prepared by dissolving ammonium
Krytox surfactant (1.5% w/w), TEMED (0.4% v/v) and
N-hydroxysuccinimide ester (NHS, 0.1% w/v), (Sigma Aldrich,
Germany). After production, the droplets dispersed in the oil
solution were incubated overnight at 65 °C to complete the
polymerization. Finally, the beads were washed three times by
centrifugation and resuspended in 1x PBS. To functionalize
the beads with Alexa Fluor™ 488 Hydrazide (Thermo Fisher
Scientific, USA), the beads were re-suspended in 50 mM
HEPES (Carl Roth, Germany) dissolved in UPW. After incu-
bation overnight, the functionalized PAAm microgel beads
were washed three times with 1x PBS and stored at 4 °C until
further use.

2.5. Sample preparation

To study the influence of embedded cells and PAAm microgel
beads on the mechanical behavior of ADA-GEL hydrogels, we
chose different filler densities between 1 million fillers per ml
and 8 million fillers per ml, as summarized in Table 1. Table 1
additionally reports the number of specimens and the corres-
ponding passages of NIH/3T3 cells for the different test series.
Cells were counted using the Trypan blue (Gibco, Germany)
exclusion method with a Neubauer counting chamber (Paul
Marienfeld GmbH & Co. KG, Germany). The cells were centri-
fuged and then dispersed in the hydrogel precursor solution
after carefully removing the cell medium. PAAm microgel
beads were treated analogously, except for the use of Trypan
blue.

We fabricated ADA-GEL cylinders using a custom-designed
platinum-catalyzed silicone model (Ecoflex™ 00-50, Smooth-
On Inc., USA). The mold negative for the casting of ten cylin-
ders (d = 8 mm, 2 = 4 mm) was first fabricated from polylactic
acid (PLA) using a polymer 3D-printer (Ultimaker 2+,
Ultimaker, Netherlands). Next, the silicone mold was placed in
Petri dishes (d = 92 mm, Sarstedt, Germany) and 200 | of
hydrogel precursor solution were pipetted into each mold. The
solution was carefully spread to the edges of the mold to allow
for a flat specimen surface and to avoid bubbles. The hydro-
gels were left to set for 20 min to allow partial gelatin solidifi-
cation, followed by crosslinking using 0.1 M CacCl,. After five
minutes, the mold was removed after detaching the specimens
by using a spatula. The samples were allowed to additionally
crosslink for five minutes before detaching them with the
spatula from the Petri dish. Afterwards, the samples were
cross-linked for another 35 minutes, so that a total cross-
linking time of 45 minutes was reached. An exemplary cross-
linked ADA-GEL sample is illustrated in Fig. 2a. We finally
transferred the samples into DMEM, which was chosen as the
storing and testing medium for the mechanical analyses.

2.6. Experimental setup

For the mechanical measurements, a Discovery HR-3 rhe-
ometer (TA Instruments, New Castle, USA) was used. To maxi-
mize adhesion between the specimens and the geometry of
the rheometer, sandpaper was attached to the upper and lower

Biomater. Sci,, 2021, 9, 3051-3068 | 3053
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Table 1 Cell and PAAmM microgel bead concentrations used in ADA-GEL hydrogels
Study Pure ADA-GEL 1 million per ml 2 million perml 4 million per ml 6 million per ml 8 million per ml
Beads  No.ofsamples n=5 n=>5 n=>5 n=>5 — n=6
Cells No. of samples n=5 n=>5 n=>5 n=>5 n=>5 n=>5

Cell passage — pP7 P12 P15 P28 P24

a

Fig. 2 Experimental setup. (a) lonically Ca®* cross-linked ADA-GEL
hydrogel sample. Scale bar: 10 mm (b) testing setup with sample
mounted to the rheometer and surrounded by cell culture medium
(DMEM) to avoid dehydration.

specimen holder before mounting the samples by using
instant glue (Cyanacrylat, Henkel AG & Co. KGaA, Germany),
as described in ref. 38. Before starting the testing protocol, an
axial force of 0.03 N was applied to ensure contact between the
geometry and the specimen. As the samples were fixed for
microstructural analyses after mechanical testing, we refrained
from testing the samples immersed in fluid. Instead, we care-
fully hydrated the specimens with DMEM, as illustrated in
Fig. 2b. All mechanical measurements were performed at room
temperature (22 °C, RT), as hydrogel degradation may have
affected the results at elevated temperatures.”® When testing
fluorescent PAAm microgel bead-laden ADA-GEL samples, the
setup was covered using a black cardboard to avoid
photobleaching.

The testing protocol combined different loading conditions,
loading modes (compression, tension, torsional shear),
strains, and strain rates to appropriately characterize both the
small- and large-strain response of these nonlinear and visco-
elastic materials, as summarized in Table 2. Each sample was
measured for ~25 minutes, keeping the hydrogel surrounded

3054 | Biomater: Sci, 2021, 9, 3051-3068

Table 2 Testing protocol for the mechanical analysis of cell- and PAAmM
microgel bead-laden hydrogel specimens

Loading condition Max. strain Loading rate
Frequency sweep 1% 0.1-10 Hz
Cyclic compression and tension 15% 40ms™!
Compression stress relaxation 15% Undefined
Tension stress relaxation 15% Undefined
Cyclic shear 15% 0.3333rad s™*
Cyclic shear 30% 0.1667 rad 57"
Shear stress relaxation 30% 0.1 s (rise time)

by DMEM at all times. The protocol started with a frequency
sweep from 0.1 to 10 Hz at a maximum shear strain of 1% to
quantify the small-strain behavior of the hydrogels.
Subsequently, cyclic compression-tension experiments with a
maximum strain of 15% and a loading velocity of 40 m s~
were performed, followed by stress relaxation experiments at a
maximum strain of 15% and a holding time of 300 s each.
Finally, two sets of cyclic shear experiments were performed
with maximum strains of 15% and 30%, and an angular fre-
quency of 0.3333 rad s™' and 0.1667 rad s™*, respectively, fol-
lowed by a shear stress relaxation test at 30% maximum shear
strain (reached within 1 s) with a holding time of 300 s. After
mechanical testing, the ADA-GEL samples were carefully
removed from the geometries by using a scalpel and stored in
DMEM for subsequent microstructural investigations.

2.7. Analysis of filler distribution

To analyze the distribution of cells inside the ADA-GEL hydro-
gels, cell-laden samples were stained for cell nuclei using 1 1
ml™" Hoechst 33342 (Hoechst 33342, H3570, Invitrogen™,
Germany) solution (in HBSS) for 40 minutes in the absence of
light. The specimens were washed with Hank’s Balanced Salt
Solution (HBSS, Sigma Aldrich, Germany) and fixed using 4%
formaldehyde (Sigma Aldrich, Germany) for 20 minutes. All
samples were stored in HBSS at 4 °C before imaging.

2.8. Multiphoton microscopy

The distribution of cells and beads inside ADA-GEL hydrogels
was analyzed using a multiphoton microscope (TriMScope II,
LaVision BioTec, Bielefeld, Germany). Hoechst stained cells
were excited using a modelocked ps-pulsed Ti:Sa laser
(Chameleon Vision II, Coherent, Santa Clara, USA) at 8§10 nm
wavelength. The cell-sample’s fluorescence was recorded using
a 450/30 nm single bandpass filter (Chroma Technology
group, Acal BFi Germany GmbH, Germany) and a non-des-

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm02117b

Open Access Article. Published on 05 March 2021. Downloaded on 3/14/2026 6:03:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

canned transmission photomultiplier tube (PMT). The
Alexa488-conjugated bead fluorescence was recorded using a
525/50 nm (Chroma Technology group, Acal BFi Germany
GmbH, Germany) single bandpass filter and the same PMT. A
25x HC FLUOTAR L objective (Leica Microsystems GmbH,
Germany) was used throughout the imaging. Voxel sizes of 0.4
x 0.4 x 1 m® in images with a field of view of 400 m> were
recorded, maintaining pixel counts of 512 x 512 pixels (X-Y)
and 1292 pixels (Z).

2.9. Image analysis

All images were processed using Fiji (NIH).>® For image quanti-
fication, image volumes of 0.4 x 0.4 x 1 mm® were recorded.
The nearest neighbour distance d,;; among cells and beads
was calculated from 3D reconstructions of the imaged volumes
using Matlab (MathWorks Inc, US), and was defined as the
smallest distance among all proximate neighbours (N > 294) of
each individual filler inside the hydrogel volume. The number
of fillers was quantified from three individual volumes per con-
centration. The mean nearest neighbour distance was calculated
for each individual volume (n = 3) per concentration.

2.10. Real-time deformability cytometry (RT-DC)

Cell and bead elasticity were assessed using RT-DC, as
described previously.”™®” Briefly, NIH/3T3 cells and PAAm
beads were suspended in MC 0.5% (w/v) in 1x PBS (3 x 10°
ml™") and flow-focused in a 30 m narrow square channel,
applying a total flow rate of 0.12 and 0.24 1 s™", respectively.
The flow rate was adapted to account for sufficient defor-
mation inside the narrow channel, in the range of 0.005-0.05
for further calculation of the Young’s modulus. The cell and
bead deformation vs. size was analyzed in real-time and a
method based on numerical simulations was used to calculate
their Young’s modulus.’® The deformation d is defined by the
following equation®”

d=1-c¢
where ¢ is the circularity of the cell/bead, A is the projected
area, and [ is the perimeter of the cell/bead.

2.11. Data analysis and material modeling

To describe the macroscopic deformation of each tested speci-
men, we used the nonlinear equations of continuum mech-
anics and introduced the deformation map @(X,t), which
maps tissue from the undeformed, unloaded configuration to
the deformed, loaded configuration.”® The deformation gradi-
ent F(X,t) = Vx@(X,t) maps line elements in the undeformed
sample to the corresponding line elements in the deformed
sample, where X and x denote the position vectors in the
unloaded and loaded configurations, respectively. The princi-
pal stretches 4;, i = 1, 2, 3, are the square roots of the eigen-
values of the left and right Cauchy Green tensors defined by
b = FF” and C = F'F, where [F] = diag{};,45,43}. We assumed
that the samples deformed homogeneously in compression

This journal is © The Royal Society of Chemistry 2021
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and that the filled ADA-GEL hydrogels are incompressible due
to their high water content, characterized by det F = 1.

In uniaxial compression and tension, we computed the
stretch as 1 = 1 + Az/H, with specimen height H and z-displa-
cement Az. The corresponding Piola stress P,, was calculated
as the measured force f, divided by the cross-sectional area A
of the specimen in the unloaded reference configuration, i.e.
P,, = f;/A. Under the assumption of uniform deformation and
for unconfined lateral surfaces, the deformation gradient
F yields

1/V/2 0 0
Fl=| o 1/Vi of, (2)
0 0o 2

with the principal stretches
and A3 = 4. (3)

We model the compression-tension response of the
samples by considering the modified one-term Ogden model
strain-energy function for a hyperelastic, incompressible

. 2 .
material ¥ = —l: (A + 25 + 25 — 3), where a denotes the nonli-
a

nearity parameter and y the classical shear modulus.>"'%° We
can then express the Piola stress tensor P¥ as the derivative of
the strain-energy function ¥ with respect to the deformation
gradient F.°° For an incompressible hyperelastic material with
det F = 1, we obtain

0¥

P’ ="
OF

0¥ P
—pF ! = Zﬁni ® N; — pF with (4)
i=1 Ot

=k a (5)
where n; and N; are the eigenvectors of the left and right
Cauchy Green strain tensors, respectively, and p serves as a
Lagrange multiplier. We determined p by evaluating the con-
dition Py, = Py, = 0.

To calibrate the shear modulus x4 and nonlinearity para-
meter a, we used the nonlinear least-squares algorithm Isqnon-
lin in MATLAB and minimized the objective function

n

ZZZZ(PZZ_Pz‘l;)?7 (6)

i=1

where 7 is the number of considered experimental data points,
and P,, and P!, are the experimentally determined and model
predicted Piola stresses, respectively.

To evaluate the ‘goodness of fit’, we determined the coeffi-

cient of determination R* = 1 S'eS/Stt where ST =

n

> (P; — PY)? is the sum of squares of residuals with the experi-

i=1

mental data values P;, the corresponding model data values
n

PY, and the number of data points 7, and $* = > (P; — P)* is
i—1
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the total sum of squares with the mean of the experimental

n
dataP=1/nd_ P;.
i-1

2.12. Statistical analysis

All statistical analyses were performed using either the
Statistics Toolbox in MATLAB® (MathWorks, US) or GraphPad
Prism software (GraphPad Software, US). A p-value lower than
0.05 was considered to be significant. Multi-comparison tests
with separate Tukey-Kramer tests were performed between the
different bead and cell concentrations. We evaluated
maximum stresses in compression, tension, and torsional
shear, as well as the compression-tension asymmetry, Young’s
modulus, and the nonlinearity parameter a. Comparisons
between two groups were performed using Student’s or
Welch’s t-tests (normally distributed) or Mann-Whitney U tests
(non-parametric). Statistically significant differences among
mean ranks (nearest neighbour distance analysis) were tested

4 mio/ml

2 mio/ml

a 1 mio/ml

Cells

Beads

Filler distance

(g)
o

8x106
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for non-parametric Kruskal-Wallis test with Dunn’s multiple
comparisons post-hoc test.

3. Results

3.1. Imaging

We embedded cells and beads at different filler concen-
trations inside ADA-GEL hydrogels and assessed the distri-
bution of the fillers using multiphoton microscopy (Fig. 3a).
An intact, spherical cell-shape was confirmed without indi-
cation of fragmented or spread cells in the autofluorescence
channel. Increasing the filler density of cells (blue, Hoechst)
and beads (orange colored, AF488) led to a decrease in the
distance between neighbouring fillers (Fig. 3a-c). From the
multiphoton microscopy data, we reconstructed the 3D filler
distribution inside the hydrogels (Fig. 3b) and calculated the
nearest distance between two individual neighbouring cells
and beads in 3D from the reconstructions (Fig. 3c). The mean
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Fig. 3 Cell and bead distribution inside the ADA-GEL hydrogel. (a) Qualitative multiphoton microscopy images of cells and beads inside ADA-GEL
hydrogels at filler concentrations of 1, 2, 4, and 8 million per ml. A decrease in mean distance between the fillers with increasing filler density is
visible. (right) x—z crossection (8 mio ml™), scale bars: 100 pm. (b) 3D reconstruction of 2 mio ml™* cell-distribution (black dots) inside the hydrogel
used for minimal neighbour distance quantification in 3D. (c) Minimal neighbour distance between nearest neighbours of fillers (cells, beads) inside
the hydrogels (n = 3) measured as the closest distance between two neighbouring fillers (dmin). Data are shown as median (dashed line) and upper/
lower 25th/75th percentiles (horizontal lines). Significant differences between mean ranks were analysed using non-parametric Kruskal-Wallis test
with Dunn'’s multiple comparison test (****p < 0.0001). (d) Detected number of cells and beads per mlin 1, 2, 4, 6, and 8 million cells per ml (blue)
and 1, 2, 4, and 8 million beads per ml (orange) filler density hydrogels. Data are shown as mean + SD. (e) Mean nearest neighbour distance as a
function of the detected filler density inside the respective hydrogels. (f) Young's modulus of cells and beads (n > 4500) determined via deformability
flow-cytometry. Data are shown as median (dashed line) and upper/lower 25th/75th percentiles (dotted lines). Significant differences between
medians of the two groups were analysed using non-parametric Mann-Whitney U test (****p < 0.0001).
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distance between cells in 1 mio ml™" cell-containing ADA-GEL
hydrogels was approx. 67 + 4 pm. Increasing the cell density
from 4 million per ml to 6 and 8 million per ml led to a sig-
nificantly (****p < 0.0001) decreased nearest neighbour dis-
tance (Fig. 3c, Videos S1 and S2, ESIT). Increasing the content
of beads from 2 million per ml to 4 and 8 million per ml sig-
nificantly decreased the median nearest neighbour distance
from >50 pm to approx. 33 pm (Fig. 3c). The number of fillers
detected in the hydrogel showed a noticeable increase from 2,
4, and 6 million cells per ml to 8 million cells per ml (Video
S1, ESIT), with similar amounts of cells detected in the 2, 4,
and 6 mio ml™" hydrogels (Fig. 3d). For bead-laden hydrogels,
an increase in detected bead density was monitored from 2 to
4 million per ml, and 4 to 8 million per ml (Fig. 3c). Plotting
the mean nearest neighbour distance as a function of the
detected amount of fillers, we observed that the mean neigh-
bour distance decreases at approx. 1/x* with detected number
of fillers inside the hydrogels (Fig. 3e). The Young’s modulus
of the cells was significantly (****p < 0.0001) lower in com-
parison to the polyacrylamide beads (Fig. 3f), as cell stiffness
was in the range of 0.6 + 0.1 kPa and bead stiffness was at 2.2
+ 0.1 kPa, assessed via real-time deformability cytometry
(Fig. 3f).
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3.2. Small-strain behavior of cell- and bead-laden hydrogels

Fig. 4a and b show the storage (G') and loss (G") moduli for
cell- and bead-laden ADA-GEL samples over a frequency range
of 0.01 to 10 Hz. In general, G’ and G" are in the same range
for both bead- and cell-laden ADA-GEL specimens.
Independent of the filler and its concentration, the storage
moduli slightly increase with increasing frequency. While bead
densities between 2 and 8 million beads per ml in Fig. 4a, left,
show similar results to pure ADA-GEL with only a slight
decrease in the storage modulus with increasing bead density,
the gel with the lowest bead concentration of one million
beads per ml exhibits a significantly higher value of G'.
However, the theoretical volume fraction of one million beads
per ml was approximately 0.2% of the bulk hydrogel (Table 3).
Considering the variance of the assessment (Fig. S1, ESIt) and
the fact that an increase in G' was solely observed for one
million beads per ml but not for further increasing bead con-
centrations, the data do not allow for a strong conclusion on
the observed effect. Concerning cell-laden ADA-GEL hydrogels
in Fig. 4a, right, the storage moduli for densities of up to
4 million cells per ml alternate around the results of pure
ADA-GEL samples. However, we observe a significant decrease
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Fig. 4 Storage (a) and loss (b) moduli for ADA-GEL samples with different cell and PAAm microgel bead densities, respectively, at 1% strain over a

frequency range from 0.1 Hz to 10 Hz.
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Table 3 Theoretical fractional filler volume, Young's moduli E calculated with the model for interaction-free defects, and Young's moduli obtained
from fitting the Ogden model to the experimental data for hydrogels containing increasing cell and bead concentrations

Beads Cells

Density (ml™") Volume (%) Analytical E (kPa) Experimental E (kPa) Volume (%) Analytical E (kPa) Experimental E (kPa)
Pure ADA-GEL — — 11.3+09 — — 11.3+0.9

1 million 0.2 11.3 10.8+1.4 0.3 11.3 9.6+1.4

2 million 0.5 11.3 10.8 +2.2 0.5 11.3 10.1 £ 1.0

4 million 1.0 11.2 8.6 +1.2 1.0 11.2 10.1+1.0

6 million — — — 1.6 111 4.0 £0.8

8 million 1.9 11.2 9.8 +1.0 2.1 11.2 3.5+£0.9

in G' when the cell density is increased to 6 or 8 million cells
per ml. This may be attributed to the increasing amount
(Fig. 3a and d) of softer (Fig. 3f) cells inside the hydrogels,
with significantly reduced distance between individual cells (p
< 0.0001, Fig. 3c). In general, the effect of cell inclusions on G'
is more pronounced than for the inclusions of PAAm microgel
beads, especially for high cell concentrations >4 million per
ml.

The loss moduli for both bead- and cell-laden hydrogels
slightly decrease up to a frequency of approximately 1 Hz, and
then slightly increase again for higher frequencies. Similar to
the storage moduli of ADA-GEL samples filled with beads, we
observe the highest values for samples with a bead density of
1 million per ml, while all other concentrations show similar
results to pure ADA-GEL. For cell-laden hydrogel samples, only

pure ADA-GEL

the samples with 2 million cells per ml show significantly
higher values than the pure ADA-GEL samples, while the data
do not indicate a clear correlation between the cell- or bead-
filler concentration and the viscoelastic properties of the
hydrogels in the small strain (1%) regime (Fig. 4).

3.3. Large-strain behavior of cell- and bead-laden hydrogels

3.3.1. Conditioning behavior. Fig. 5 and 6 show the
response of bead- and cell-laden ADA-GEL hydrogels with
different filler concentrations during cyclic compression—-
tension loading with a maximum strain of 15%. Independent
of the filler and its concentration, we observe a compression—-
tension asymmetry with higher stresses for compression than
that for tension. In addition, we observe a hysteresis, indicat-
ing that energy is dissipated during each loading cycle. This is
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Fig. 5 Response of bead-laden ADA-GEL samples with different bead densities during cyclic compression—tension experiments up to a maximum
strain of 15%. The large graphs show the average conditioned response during the third loading cycle with standard deviations, while the small inser-
tions illustrate the conditioning behavior during the whole set of three loading cycles.
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Fig. 6 Response of cell-laden ADA-GEL samples with different cell densities during cyclic compression—tension experiments up to a maximum
strain of 15%. The large graphs show the average conditioned response during the third loading cycle with standard deviations, while the small inser-

tions illustrate the conditioning behavior during the whole set of three loading cycles.

especially pronounced for high cell concentrations >4 million
per ml. For 6 and 8 million cells per ml hydrogel, the initial
loading cycle is characterized by a stiffer and more viscous
response than the subsequent cycles (Fig. 6), which might be
attributed to the contribution of the softer cell fillers (Fig. 3f)
to the stiffer hydrogels, influencing their overall mechanical
properties. Importantly, this effect is only visible for cell-laden
hydrogels but not for bead-laden hydrogels. Similarly, for
shear loadings up to 15% and 30% maximum strains (Fig. S9-
S14, ESIf), the addition of >4 million cells per ml results in a
softening of the hydrogels after the first loading cycle (Fig. S10
and S12, ESIf), in contrast to the behavior of bead-laden
hydrogels (Fig. S9 and S11, ESI}). However, the conditioning
between the first and the second loading cycle in shear
loading is less pronounced than that for axial loading (Fig. S9-
S12, ESIt), highlighting the effect of the loading mode on the
observed mechanical response.

Fig. 8 illustrates the average maximum stresses with stan-
dard deviations during compressive loading up to 15% strain,
tensile loading up to 15% strain, as well as torsional shear
loadings up to 15% and 30%, respectively, for bead- and cell-
laden hydrogels of different filler densities. In accordance with
the observations in Fig. 5 and 6, the maximum nominal stres-
ses are higher for compression than for tension for all hydro-
gels tested in this work. Regarding hydrogel samples filled
with beads, we observe a slight decrease in the maximum
stresses for bead densities of 4 and 8 million beads per ml,
independent of the loading mode. Furthermore, in shear only,

This journal is © The Royal Society of Chemistry 2021

specimens with 1 and 2 million beads per ml show signifi-
cantly higher stresses compared to all other concentrations
and pure ADA-GEL. Regarding cell-laden hydrogels, the
inclusion of lower concentrations (<6 mio ml™") shows no sig-
nificant effect on the maximum stresses compared to pure
ADA-GEL. However, we observe significantly decreased stresses
for all loading modes for higher cell densities of 6 and
8 million cells per ml. The drop in stresses for higher filler
densities is much more pronounced for cell- than for bead-
laden hydrogels. In both cases, the effect is more apparent in
shear than in compression and tension.

3.3.2. Nonlinearity and material parameters. To quantify
the nonlinear, time-independent material response of bead-
and cell-laden hydrogels, we determined the shear modulus y
and nonlinearity parameter a by fitting the modified one-term
Ogden model to the experimental compression-tension data,
as described in subsection 2.11. To this end, we neglect the
effects of conditioning and hysteresis and evaluate the average
between loading and unloading during the conditioned third
loading cycle, as illustrated in Fig. 7 for an exemplary
ADA-GEL sample with 2 million beads per ml. The model with
only two material parameters is capable of capturing nonli-
nearity and compression-tension asymmetry, which are the
two main time-independent characteristics of the filler-laden
hydrogels’ mechanical response, with coefficients of determi-
nation R > 0.99. In the linear elastic limit, the Young’s
modulus may be calculated as a function of the classical shear
modulus and the Poisson’s ratio v, E = 2u(1 + v). Under the

Biomater. Sci,, 2021, 9, 3051-3068 | 3059
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Fig. 7 Calibration of modified one-term Ogden model (black dashed
line) by using the average response between loading and unloading (red
solid line) to determine time-independent material parameters, shear
modulus p and nonlinearity parameter «, exemplary shown for a
ADA-GEL sample with 2 million beads per ml.
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assumption of incompressibility with v = 0.5, we obtain E = 3y,
as reported in Table 3.

Fig. 9 compares the compression-tension asymmetry (a),
the Young’s modulus (b) and the nonlinearity parameter « (c)
for bead- and cell-laden hydrogels of different filler densities.
For most of the hydrogels investigated in this work, the com-
pression-tension asymmetry takes on a value of approximately
two, which yields that the compression response is twice as
stiff as the response in tension. Only the high-cell-concen-
tration hydrogels with 6 and 8 million cells per ml show a
more pronounced asymmetry, where compression is more
than three times stiffer than tension.

The Young’s modulus significantly decreases for both high-
bead- and high-cell-concentrations. Interestingly, the Young’s
modulus decreases for densities higher than 2 million per ml
in bead-laden hydrogels, but only for densities higher than
4 million fillers per ml in cell-laden hydrogels. In accordance
with the results from small-strain experiments, the drop in the
Young’s modulus is much more pronounced for the cell-laden
hydrogels than for the bead-laden gels.

The drop in stiffness for higher filler concentrations is sig-
nificantly higher than one would expect considering the low
volume fractions of fillers, which hardly exceed 2% (Table 3),
even for the highest concentrations of 8 million fillers per ml.
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Fig. 8 Average maximum stresses with standard deviations during cyclic compression, tension, and torsional shear experiments for bead- and cell-
laden ADA-GEL samples with different filler densities. Asterisks denote statistical significance analysed via one-way ANOVA followed by Tukey—

Kramer tests for multiple comparisons (*p < 0.05).
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Fig. 9 Average compression—tension asymmetry (a), Young's modulus
(b), and non-linearity parameter a (c) with standard deviations for bead-
and cell-laden ADA-GEL samples with different filler densities. Asterisks
denote statistical significance analysed via one-way ANOVA followed by
Tukey—Kramer tests for multiple comparisons (*p < 0.05).

A first analytical approximation for the effective stiffness of a
matrix filled with a low volume fraction of linear elastic,
spherical particles may be obtained using the following model
for interaction-free defects,

Luf — Mm}

e 2[4 — 51]
Hett = H 7
I i Bl — i

wh o 24-54
with f 151 — 1]’

(7)

where u,, and y¢ are the shear moduli of the matrix and filler,
respectively, and v is the Poisson’s ratio. Due to the incompres-
sibility assumption (see section 2.11), we set v = 0.5. Table 3
summarizes the estimated volume fractions of fillers, the ana-
lytically predicted Young’s moduli, and those obtained from
fitting the experimental data to the Ogden model. The differ-
ences between the theoretically predicted and the experi-
mentally observed stiffnesses are especially high for cell-laden
ADA-GEL samples with higher concentrations. While the
model predicts a slight decrease in stiffness by approximately
1% for the cell-laden ADA-GEL with highest concentration of
8 million cells per ml, the experiments reveal a drop in
stiffness by almost 70%.

The nonlinearity parameter a mostly takes on negative
values, which represents the stiffer response in compression
than in tension. Values of a > 2 would yield the opposite trend.
Samples with 1 million beads per ml have a significantly
smaller @ than samples with 4 and 8 million beads per ml.
Again, the cell-laden samples show more significant trends

This journal is © The Royal Society of Chemistry 2021
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than the bead-laden hydrogels. The samples with 6 and
8 million cells per ml show a significantly higher nonlinearity
than other cell densities and pure ADA-GEL.

3.4. Time-dependent behavior

Fig. 10a shows the average normalized stress relaxation behav-
ior in compression, tension, and torsional shear for bead- and
cell-laden ADA-GEL samples of different concentrations. All
tested samples did not reach equilibrium within 300 s. In
general, the hydrogels relax fastest in tension and reach 3/4 of
the initial stress earliest, which is reached latest in shear.
Overall, a trend of faster relaxation can be observed with
higher filler concentrations. Similar to the results in the pre-
vious sections, the hydrogels with high cell concentrations of 6
and 8 million cells per ml show a different behavior in com-
parison to lower cell concentrations, and relax significantly
earlier to 3/4 of the initial stress. The only samples relaxing to
a stress value below 50% of the initial stress were cell-laden
hydrogels with 6 million cells per ml. Interestingly, those
samples (n = 6) show a faster relaxation behavior than samples
with 8 million cells per ml.

4. Discussion

In this work, we have assessed the complex mechanical
response of cell- and PAAm microgel bead-laden hydrogels
with different filler concentrations. The mechanical properties
of biomaterials play an important role for tissue engineering
applications.®*> Besides hydrogel degradation,'® stress
relaxation'®>"'% especially has proven to be a crucial mechani-
cal parameter that influences cell response. However, often
only the mechanical properties of the matrix material are
quantified by means of stiffness (Young’s modulus) or unimo-
dal viscoelastic (shear) rheological analyses. Only recently, a
study on fibrous hydrogel materials has shown that the
mechanical properties change through the inclusion of cells,
not only quantitatively but also qualitatively.”®

Here, we have investigated the influence of cell- and PAAm
microgel bead fillers on the mechanics of non-fibrous, algi-
nate-gelatin-based hydrogels under compression, tension, and
shear.® We have combined small-strain and large-strain
experiments to assess the distinct nonlinearity, compression—
tension asymmetry, and viscoelasticity of this class of
materials. This multi-modal mechanical assessment of oxi-
dized alginate-gelatin hydrogels incorporating cells and PAAm
microgel bead fillers has important applications for various
tissue engineering applications,'%7>8485104

4.1. High filler concentrations over-proportionally soften the
overall material response

The filler stiffness of PAAm microgel beads with an average
Young’s modulus of 2.2 kPa was significantly higher than the
Young’s modulus of the NIH/3T3 cells with approx. 0.6 kPa, as
found here using RT-DC analysis (Fig. 3f). However, both
fillers were significantly softer than the ADA-GEL matrix with a
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Young’s modulus of approximately 11.3 kPa. For low concen-
trations, the fillers did not significantly affect the mechanical
response neither in the small-strain (Fig. 4) nor in the large-
strain regime (Fig. 5-8). This observation was expected as the
theoretical volume fraction of the fillers in the hydrogel (ratio of
the number of fillers times their volume divided by the total hydro-
gel volume) was generally very small and never exceeded 2.5%.

However, inclusions of more than 2 million beads per ml or
4 million cells per ml led to a significant drop of stresses for
the large-strain loading regime. Comparing the results for
maximum shear strains of 15% and 30%, respectively, the
drop is more pronounced for higher strains. For cell-contain-
ing gels even the small-strain stiffness quantified by the
storage modulus during frequency sweeps drops significantly.
In general, the stiffness drop is more pronounced for the cell-
laden than for bead-laden hydrogels. This effect can be par-
tially attributed to the stiffer response of the beads in compari-
son to the cells. Still, the inclusion of approximately 1%
volume fraction of beads and 1.6% volume fraction of cells
leads to a drop in the Young’s modulus of 24% and 65%,
respectively, which is disproportionally high in comparison to
model suggestions of the impact of those filler contents.
Therefore, we may conclude that other effects, such as a
change of hydrogel cohesion or interference by the fillers in
the ionic crosslinking and subsequent hydrogel network for-
mation, affect final hydrogel stiffness. The guluronic acid
chain assembly mediated by calcium ions results in the cross-
linking of ADA.”®'% Hence, increasing the amount of fillers
may alter the formation of a bulk, homogeneously crosslinked
alginate network. The presence of beads and cells may differ-
ently decrease the effective crosslinking density in the final
hydrogel. The fillers could act as macrostructural heterogene-
ities affecting the final number of elastic chains in the gel.'*

The difference in Young’s modulus drop could be a result
from different interactions of the cells and the beads with the
gel network and not only result from the difference of the
intrinsic Young’s modulus of the cells and beads. Despite the
intrinsically higher stiffness of PAAm microgel beads, the
approx. 2.5 times smaller stiffness drop of PAAm microgel con-
taining hydrogels may be explained by potential crosslinking
reactions between unreacted NHS groups on the PAAm micro-
gel bead surface with e-amino groups of lysine of gelatin.
Together, those effects may counteract the stiffness drop in
comparison to the cell-laden gels.

We have demonstrated through multiphoton microscopy
techniques that the nearest neighbour distance of fillers inside
the hydrogels scaled nonlinearly with increasing filler number
(video S1, ESIt). The mean distance dropped by almost 30%
comparing 4 million and 6 million cells per ml. This might
explain the sudden drop of stiffness when reaching 6 million
cells per ml. The decreased mean filler distance may lead to a
disruption in the homogeneous alginate-hydrogel formation in
comparison with hydrogels without any spherical fillers. This
effect was higher for the cells than for PAAm microgel beads,
which can to some extent be attributed to their lower stiffness
in comparison to the PAAm microgel beads as well as to the
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potential crosslinking of the gelatin with the PAAm microgel
bead surface.

The PAAm microgel beads have to be assumed as micro-
porous gel fillers. The pores could be filled by the hydrogel
solution and a gelation inside the beads might occur, which
cannot happen inside the cells. This may lead to differently
hindered crosslinking of the bulk hydrogel due to the different
interactions of beads and cells with the gel.

Additionally, cells exhibit a nonlinear elastic behavior and
more pronounced viscous effects,'®'%” "% while PAAm beads
show an almost elastic response.”* We expect stress peaks in the
matrix in the immediate vicinity of the fillers in the deformed
state, preferably in the case of cell-laden hydrogels. The cells in
the hydrogels were still in round shape without signs of cell
spreading (Fig. 3a), indicating no strongly pronounced cell-
material interaction directly after embedding the cells in the
hydrogels and crosslinking. As a result, we assume less cell-
material interaction with the bulk hydrogel in comparison to
the potentially unreacted NHS groups on the functionalized
PAAm-bead surface with the hydrogel. This difference to the
PAAm beads may ultimately cause the loss of bulk hydrogel
stiffness and explain the significant drop in the stiffness
observed for cell-laden hydrogels at higher filler concentrations
(=6 mio ml™"). As the mechanical properties were assessed
directly after embedding the cells in the hydrogels and cross-
linking (~45 min), we assume no release of matrix metallopro-
teinases (MMP) in that time frame, which could cause hydrogel
degradation during prolonged in vitro cell culture.?*'**

4.2. Hydrogels with high cell concentrations show more
pronounced nonlinearity and viscous effects

Along with lower stiffness, the high-cell-concentration hydro-
gels show more pronounced conditioning during cyclic
loading (Fig. 6) in comparison to bead-laden hydrogels
(Fig. 5), larger hysteresis, and faster stress relaxation (Fig. 10).
We attribute this observation to the nonlinear mechanical pro-
perties of the cells"®'*” % compared to the rather elastic
PAAmM microgel beads.”" While we did not observe a clear cor-
relation between filler concentrations and viscous properties
for the small strain (1%) regime (Fig. 4), large deformation
loadings (15% strain) under multiple loading modes (com-
pression, tension, shear, Fig. 5, 6, Fig. S9-S14, ESIT) revealed
that high cell numbers >4 million per ml impact the nonli-
nearity, compression-tension asymmetry, conditioning behav-
ior, and viscosity of the overall hydrogels, which is in contrast
to the behavior observed for bead-laden hydrogels.
Furthermore, we assume that a partial crosslinking of the
beads with the hydrogel may explain the higher elastic than
viscous response of PAAm bead-laden hydrogels (Fig. 5), and
therefore, the less pronounced conditioning behavior and hys-
teresis. The PAAm beads might be fixed in the matrix due to
potential bead-matrix interaction and move together with the
matrix during deformation, while the cell movement may be
not as synchronized with the matrix deformation due to a lack
of interaction. Together with the intrinsic elastic properties of
the PAAm microgel beads and the assumed lower interface

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm02117b

Open Access Article. Published on 05 March 2021. Downloaded on 3/14/2026 6:03:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

compression

View Article Online

Paper

tension

—— Pure ADA-GEL

—— 1 million beads/ml
— 2 million beads/ml
~— 4 million beads/ml
—— 8 million beads/ml

ADA-GEL + beads
nominal stress (norm.)

nominal stress (norm.)

shear stress (norm.)
o
(&) ]

0
0 50 100 150 200 250 300 0 50
time [s]

100 150 200 250 300 0 50

100

150 200 250 300
time [s]

time [s]

e
5
3

—— Pure ADA-GEL

—— 1 million cells/m|
— 2 million cells/ml
—— 4 million cells/ml
—— 6 million cells/ml
—— 8 million cells/ml

ADA-GEL + cells

nominal stress (norm.)
o
N
(9]

nominal stress (norm.)
o
[$)]

shear stress (norm.)

0
100 150 200 250 300 0 50
time [s]

0
0 50

0
100 150 200 250 300 0 50

100 150 200 250 300

time [s] time [s]

Fig. 10 Stress relaxation behavior of bead- and cell-laden ADA-GEL samples with different filler densities in compression, tension and torsional
shear. Time points at which 1/4 and 1/2 of the initial stresses have relaxed are indicated by vertical lines. Data are shown as mean curves from indi-

vidual samples (n = 5).

interaction of cells with the hydrogel, this may explain the
faster relaxation and higher viscous effects observed for the
cell-laden hydrogels in compression-tension testing (Fig. 6),
especially due to the inherent viscoelastic properties of cells
and their cytoskeletal components.'*®**3

The absolute value of the nonlinearity parameter «o
increases significantly for high cell concentrations. In contrast,
it decreases for high bead concentrations. This is in agreement
with a recent study showing that cell embedding in fibrous
hydrogel networks changed the behavior of the material from
compression softening into compression stiffening.”® In the
context of fibrous matrices, this effect was attributed to the
alignment of collagenous fibers alongside the volume-conser-
ving cell inclusions, orienting upon compression, and ulti-
mately leading to the stiffening upon compression.’® The
ADA-GEL hydrogels used in this study, in contrast, do not
include collagenous fibrous structures, as shown by the
absence of second harmonics in comparison to fibrillar col-
lagen type I-based hydrogels.®»®*® Therefore, the effect of
hydrogel fiber alignment can be excluded and the main stress-
bearing components are the ionic alginate network and the
softer cellular inclusions, which leads to a different mechani-
cal response and impact on hydrogel nonlinearity in compari-
son to fibrous cell-hydrogel systems.>°

4.3. Cell embedding in biofabrication can alter the final
hydrogel mechanics after crosslinking

Biofabrication, which comprises the simultaneous processing
of cells and biomaterials to cell-laden constructs, has gained

This journal is © The Royal Society of Chemistry 2021

momentum in the past decade.”>”*”%''* Cell-laden hydrogels,

or bioinks, are most commonly used in biofabrication pro-
cesses."'® If one considers the relevance of the results obtained
in relation to the printing techniques available in biofabrica-
tion, extrusion and inkjet printing are particularly relevant.
While our results can be transferred primarily to hydrogels
produced via extrusion printing due to the high viscosity of
ADA-GEL (~10%-10> Pa s for low shear-rate regimes <1 s (ref.
84)), low-viscosity bioinks are used in ink-jetting (approx.
<107* Pa s, 0.09-0.16 Pa s for ADA-GEL (unpublished data)).
Additionally, depending on the geometry of the inkjet needle,
very high shear forces can be generated here, which might
influence the final cell response in 3D.""°

As cells are fillers with highly nonlinear mechanical
properties,'®'%” 1% we found that they can significantly affect
the final mechanical properties of the biofabricated construct.
This has already been shown in a previous study on fibrous
collagen-based hydrogels, which shifted their mechanical pro-
perties from compression softening to compression stiffening
and thereby, reversed their compression-tension asymmetry
by the addition of cells.*® We show in this study that incorpor-
ating cells in non-fibrous oxidized alginate-gelatin-based
hydrogels® can lead to decreased stiffness, as well as
increased compression-tension asymmetry and nonlinearity at
cell densities >6 million cells per ml. Cell concentrations of
100 million cells per ml have been utilized for cartilage tissue
engineering applications.'” However, commonly, hydrogel
materials are characterized prior to the incorporation of cells.
As a result, the final mechanical properties of the cell-laden

Biomater. Sci,, 2021, 9, 3051-3068 | 3063


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm02117b

Open Access Article. Published on 05 March 2021. Downloaded on 3/14/2026 6:03:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

construct are hardly recapitulated by assessing the hydrogels
without cellular filler, especially for high cell numbers. In this
study, we have assessed the mechanical properties of cell-
laden hydrogels directly after embedding cells inside the gels.
The aim was to investigate the influence of cell density on the
mechanical properties directly after fabrication, similar to bio-
fabricates. We did not expect cell spreading or morphology
changes as fibroblast cells have been shown to proliferate and
spread in ADA-GEL only after approximately seven days.®® This
was also confirmed by the spherical cell shape inside the
hydrogels observed via multiphoton-microscopy analysis, since
spread cells would have been visible via autofluorescence.®*
Hence, our study provides insights into the influence of
spherical cell fillers on the mechanical properties of hydrogels
directly after fabrication and cross-linking, and prior to in vitro
cell culture.

When facing limited resources in terms of limited capabili-
ties to achieve high cell numbers due to, e.g., limited growth
capabilities or high costs involved for cell culture, the assess-
ment of the hydrogel mechanics prior to cell addition remains
a valid approach. On the other hand, our results indicate that
a true understanding of the final hydrogel mechanics with
incorporated cells is important and may allow to better recapi-
tulate cell growth, cell proliferation, and maturation in light of
the real titab initio biofabricate mechanics (cell-containing-
hydrogels), with important implications for future tissue
engineering studies and material designs.

4.4. Implications for spherical filler based drug delivery
applications and “gel-in-gel” hydrogels

Efforts have been made to engineer polymer microspheres for
controlled drug release,"'”"?° as well as to incorporate
polymer microspheres as drug delivery vesicles into
hydrogels."*'** Multi-phasic “gel-in-gel” materials have been
recently discussed and are currently explored for tissue engin-
eering applications."** We used PAAm hydrogel microgel
beads with a diameter of approx. 15 pm and stiffness of
approx. 2 kPa in this study and show that such fillers can
impact the overall mechanical properties of the resulting
hydrogel after reaching a threshold concentration. This effect
was primarily observed for cells, which have nonlinear
mechanical properties. As a result, depending on the hydrogel
or polymer material and its intrinsic mechanical nonlinearity,
such fillers may influence the complex and time-dependent
mechanical properties of the overall hydrogel. In addition, at
high concentrations, the mean neighbour distance may influ-
ence drug diffusion from the fillers to the hydrogel bulk by
changed drug concentration gradients. Regarding tissue engin-
eering, the question arises as to which extent cytokines in the
gel can cover a diffusion distance of approx. 30-70 m from
cell-to-cell through a defined network density and polymer
surface charge provided by the hydrogel.'>*™'?8

Consideration should also be given to how the degradation
rates of the matrix can be adjusted so that the network
degrades within a defined time. Ultimately, this can influence
controlled tissue development and diffusion.
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The altered mechanics of the hydrogel and interaction of
hydrogel bulk with the fillers may affect filler degradation and
the release of embedded drugs upon deformation. Hence, we
suggest to consider the impact of filler concentration and its
intrinsic mechanical properties on the final hydrogel mech-
anics as well as the potential impact of filler-filler distance on
drug-release kinetics. Our study further contributed to a better
understanding of the potential impact of filler densities on the
final hydrogel mechanics of non-fibrous, alginate-based
hydrogels.

4.5. Limitations

This study focused on the influence of spherical PAAm micro-
gel beads and cells as fillers on the resulting mechanical pro-
perties of oxidized alginate-gelatin hydrogels. The potential
interaction of PAAm microgel beads with the hydrogel, specifi-
cally with the gelatin component due to the potential presence
of unreacted NHS on the bead surface after Alexa Fluor 488™
bead modification, and its potential difference to the cell-
material interface, was not comprehensively covered in this
study, which we will investigate in future work. We did also not
assess bead-material and cell-material interactions in detail.
In addition, the deformation of cells and beads inside the
hydrogels was not specifically monitored during mechanical
deformation. We will assess the in situ deformation of cell-
and microgel bead fillers during mechanical hydrogel defor-
mation in future work.

During image analysis, we observed that despite the adjust-
ment of the cell concentration between 2, 4, and 6 million
cells per ml, similar amounts of cells were detected inside the
hydrogel volumes (n = 3). The results indicate ambiguity
between theoretically counted cell density and the actual
amount of cells detected in the hydrogels. However, despite
the high penetration depth (1 mm) achieved by the multipho-
ton microscopy technique, the imaged hydrogel volumes (0.4 x
0.4 x 1 mm®, 0.16 mm?, 0.16 pl) only represent a small fraction
of the bulk hydrogel sample (approx. 200 mm?®) which was
used for mechanical testing. Due to limited resources and
imaging time, it was not possible to image volumes in the
range of the complete bulk cylinder. This might have caused
the difference between imaging and theoretical counting. In
addition, counting cells and beads using Neubauer cell count-
ing chambers might have introduced errors leading to discre-
pancies between the theoretical cell number and measured
cell numbers from the imaging volumes. By utilizing auto-
matic cell counters, we will address those potential error
sources in the future. Secondly, the amount of imaged hydro-
gel volume would need to be increased to achieve a total
imaged hydrogel volume, which better represents the entire
sample.

Despite those challenges, the multiphoton imaging used
here allowed us to confirm homogeneous cell and bead distri-
bution inside the imaged volumes, suggesting homogeneous
distribution in the bulk samples and an isotropic mechanical
response (Fig. 3 and Fig. S107). Besides the limitation of
imaged volume, the technique was confirmed to be highly suit-
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able for the assessment of cell- and PAAm microgel bead dis-
tribution inside hydrogel specimens beyond penetration
depths achieved when using traditional fluorescence imaging
techniques."*

5. Conclusions

We have demonstrated that low concentrations of NIH/3T3
fibroblast cells and PAAm microgel beads (1-4 mio ml™)
embedded in oxidized alginate-gelatin hydrogels only have a
marginal impact on the overall complex mechanical material
behavior. However, high cell concentrations (>6 mio ml™)
inside the hydrogels led to a significant stiffness drop and
increased material nonlinearity. This effect was more pro-
nounced for cell than for PAAm microgel bead-laden hydro-
gels. We show that the inclusion of mechanically nonlinear
cells can increase the compression-tension asymmetry of non-
fibrous alginate-based hydrogels. Ultimately, the nonlinearity
and viscous nature of the cell-containing hydrogels increase in
comparison to cell-free hydrogels. The viscous contribution
and nonlinearity of cells can, therefore, be a determinant for
the final hydrogel bulk mechanics, with important impli-
cations towards biofabrication approaches and cell-containing
hydrogel designs in tissue engineering.
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