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Colloidal crystals of compliant microgel beads to
study cell migration and mechanosensitivity in 3D†
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Tissues are defined not only by their biochemical composition, but also by their distinct mechanical

properties. It is now widely accepted that cells sense their mechanical environment and respond to it.

However, studying the effects of mechanics in in vitro 3D environments is challenging since current 3D

hydrogel assays convolve mechanics with gel porosity and adhesion. Here, we present novel colloidal

crystals as modular 3D scaffolds where these parameters are principally decoupled by using

monodisperse, protein-coated PAAm microgel beads as building blocks, so that variable stiffness regions

can be achieved within one 3D colloidal crystal. Characterization of the colloidal crystal and oxygen

diffusion simulations suggested the suitability of the scaffold to support cell survival and growth. This

was confirmed by live-cell imaging and fibroblast culture over a period of four days. Moreover, we

demonstrate unambiguous durotactic fibroblast migration and mechanosensitive neurite outgrowth of

dorsal root ganglion neurons in 3D. This modular approach of assembling 3D scaffolds from

mechanically and biochemically well-defined building blocks allows the spatial patterning of stiffness

decoupled from porosity and adhesion sites in principle and provides a platform to investigate

mechanosensitivity in 3D environments approximating tissues in vitro.

Introduction

Over recent decades, researchers have investigated whether and
how cell and tissue stiffness is altered during disease, how this
affects processes such as wound healing and regeneration,
and how important mechanical properties are for biological
processes. It is now accepted that tissue stiffness is an important
regulator of cell behavior such as migration, differentiation, and
proliferation.1–3

Traditionally, researchers have used two-dimensional (2D)
cell culture as an in vitro model to understand underlying
biological functions and the interaction of cells with their
microenvironment. Cells can adhere to rigid surfaces such as
glass and polystyrene or hydrogels that provide mechanical
support and allow cells to grow as a monolayer.4–6 Tuning the

mechanical properties of hydrogels, such as collagen or poly-
acrylamide (PAAm), has allowed researchers to study the effect
of substrate stiffness on cell behavior in vitro. For example, in
2000, Lo et al. showed that fibroblast migration is guided by
substrate stiffness1 and termed the process of cell migration
towards increasing stiffness gradient as ‘durotaxis’.

Classical 2D culture models do not fully reflect the in vivo
tissue niche and often introduce artefacts such as flattened cell
morphology and altered cell-to-cell communication.4–6 This has
led to the development of three dimensional (3D) in vitro models
that simulate in vivo conditions,6 while reducing the experi-
mental complexity of animal experiments (i.e. number of matrix
components, cell types, availability of bioactive molecules).
Moreover, 3D culture models, compared to monolayer cultures,
better mimic in vivo conditions with respect to gene and protein
expression levels, and cells often display a higher resistance to
drug treatments.7,8 The use of 3D in vitro assays revealed new
biophysical mechanisms, such as cancer cell transition from 2D
sheets to 3D spherical aggregates in a process called ‘‘active
wetting’’.9 Mechanosensitivity studies in 3D collagen gels showed
that fibroblasts migrate towards stiffer regions, reproducing a
durotactic behavior in biologically active gels.10 It should be noted
however, that an increased density of adhesion components, such
as RGD peptides, in stiffer and denser areas can also influence
fibroblast migration in hydrogels.11
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Hydrogels constitute some of the best 3D models for study-
ing mechanosensitivity in vitro, since scaffold stiffness can be
tuned over ranges encountered by cells in vivo.12 Usually, the
scaffold is a simple bulk hydrogel, with the consequence that
stiffness, porosity and available adhesion sites are directly
coupled. In natural protein hydrogels, such as collagen or
fibrin, stiffness is varied by modulating the polymer concen-
tration including the availability of cell adhesion sites (e.g.,
RGD motifs). The stiffness of synthetic hydrogels, such as
polyethylene glycol (PEG), can be adjusted by increasing the
crosslinking ratio by several chemistry methods (e.g., enzyme-
catalyzed reaction or photo-polymerization), while the density
of cell adhesion sites can be kept constant.12–14 Nevertheless,
this complex coupling of stiffness, porosity and cell adhesion
sites makes it hard to identify the explicit effect of mechanics
on cell behavior, as it is impossible to change only one para-
meter and keep the others constant.

Thus, one of the biggest challenges for 3D in vitro assays for
studying mechanosensitivity and migration is the decoupling
of scaffold stiffness, porosity and cell adhesion sites. In 2010,
da Silva et al. addressed this challenge by applying the principle
of rigid inverted colloidal crystal scaffolds15,16 to generate
inverted PAAm colloidal crystals with tunable stiffness.17 How-
ever, this approach does not allow layers of different stiffness
within one colloidal crystal. Here, we chose a different approach to
decouple porosity and stiffness by using directly colloidal crystals
as scaffolds – i.e. generating three-dimensional colloidal crystals by
adding monodisperse particles into a confined space. Similar
approaches were reported using rigid silica beads that provide a
3D growth surface for neuronal networks18 or microbeads sintered
into porous scaffolds for (bone) tissue engineering.19,20 However,
these studies do not assess the broad mechanical aspects of the
scaffolds. The first report of decoupling scaffold stiffness and
porosity was by the group of Tatiana Segura, who developed a
covalently linked 3D injectable scaffold for in vivo wound healing
applications, using annealed PEG microgel beads as building
blocks.21 Later studies demonstrated that annealed hydrogel
bead scaffolds can also be generated from hyaluronic acid22,23

or GelMA microbeads.24 However, the field is still lacking a
reliable and regular 3D in vitro scaffold with defined and
constant pore size, to study mechanosensitivity. Furthermore,
to the best of our knowledge no study has ever reported a
modular 3D scaffold with sequential stiffness layers to study
mechanics independently of porosity.

Here, we present the development, optimization and
characterization of novel compliant colloidal crystals and demon-
strate their use in in vitro 3D mechanosensitivity and cell migration
studies. Monodisperse PAAm microgel beads with tunable
stiffness were used as colloidal crystal building blocks in
combination with a customized filter to generate reliable,
regular and flexible in vitro colloidal crystals. Advanced modular
3D scaffolds were built where stiffness and porosity were
decoupled and two stiffness layers could be achieved within one
colloidal crystal. The decoupling and layering was based on the
availability of the reliable production of monodisperse PAAm
beads with appropriate cell-like size (15 mm) and a broad stiffness

range (0.09–11 kPa and higher).25 We characterized the colloidal
crystal in term of its regularity and the theoretical oxygen avail-
ability within the system. Subsequently, we assessed performance
of our scaffold in culturing fibroblasts over extended periods of
time. Furthermore, we demonstrated for the first time fibroblast
durotaxis in 3D colloidal crystals with sequential stiffness layers
and mechanosensitive neurite outgrowth of dorsal root ganglion
neurons in different stiff colloidal crystals. Our approach offers a
cell culture system where stiffness is principally decoupled from
porosity, thus allowing us to study cellular response to varying
substrate stiffness in an artificial 3D environment that approx-
imates real tissues in important aspects. The system provides
colloidal crystal layers of different mechanical properties with
different cell adhesion ligands and thereby an advanced method
to unravel the complex interplay of different mechanisms under-
lying mechanosensitivity.

Experimental
Cell culture

NIH3T3/GFP fibroblasts (Hölzel Diagnostika) were cultured at
37 1C and 5% CO2. Medium consisted of DMEM high glucose
(Gibco) with 10% fetal bovine serum (Life Technologies),
0.1 mM MEM-NEAA (Life Technologies), 2 mM L-glutamine
(Life Technologies) and 1% penicillin/streptomycin (Life Techno-
logies). For this cell type and these culture conditions, the German
Collection of Microorganisms and Cell Culture (DSMZ) reported a
doubling time of 20 h.

Dorsal root ganglion (DRG) isolation and purification

Animal experiments were carried out in accordance with the
European Convention for Animal Care and Ethical Use of
Laboratory Animals following approval by the local governmental
authorities (license number: DD24.1-5131/396/17). Adult DRGs
were isolated from adult C57BL/6 mice. DRGs were collected,
de-sheathed and incubated in neurobasal medium (Invitrogen)
containing 2.5 mg mL�1 collagenase P (Roche) for 1 h at 37 1C and
5% CO2. DRG neurons were dissociated using fire-polished
Pasteur pipettes. Cell debris was removed from DRG neurons by
centrifugation in a 15% bovine serum albumin gradient at 120g
for 8 minutes. The pellet containing DRG neurons was resus-
pended in neurobasal medium supplemented with 20 mL mL�1

B27 (Gibco), 0.01 mL mL�1 nerve growth factor (NGF, Invitrogen),
100 mg mL�1 glucose and 100 mg mL�1 penicillin/streptomycin.
Approximately 1000 DRG neurons were seeded in each channel.

Polydisperse agarose beads

Polydisperse ultra-low gelling point (ULGP) agarose beads were
used as filter beads to generate colloidal crystals. They were
produced by magnetic stirring in selfstanding Micrewtubes

(T341-6T, Simport GmbH). 200 mL ULGP agarose (2% w/w in
PBS, Type IX Ultra-low Gelling Temperature, Sigma Aldrich
Chemie GmbH) was liquefied at 95 1C and mixed with 200 mL
Picosurf-1 (Dolomite). The emulsion was mixed for 20 min at
maximum rotation and stored in the fridge for at least 2 h until
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all agarose solidified. Solidified ULGP agarose beads were purified
by adding 400 mL sterile PBS and 100 mL 1H,1H,2H,2H-perfluoro-1-
octanol (Sigma-Aldrich Chemie GmbH). After careful mixing, the
bead-oil–PBS emulsion was left to stand for 30 min. The upper
layer containing all beads was transferred into a new tube result-
ing in size-polydisperse 2% (w/w) ULGP agarose beads in PBS. The
beads were not further characterized as stiffness and exact size
distribution was not needed.

PAAm microgel bead production and functionalization

The fabrication of PAAm beads using a microfluidic device as well
as their subsequent functionalization with PLL has been
described elsewhere in detail.25 Briefly, PAAm beads with different
total monomer concentration of acrylamide (AAm) and bis-
acrylamide (BIS) (7.9%, 9.9%, 11.8% and 13.8%) were generated
based on a flow-focusing approach. During the production pro-
cess, PAAm droplets were functionalized with NHS-ester to enable
their modification with proteins containing amine groups. For
functionalization with poly-L-lysine (PLL) conjugated with Cy5
fluorophores (Nanocs Inc.), beads were incubated for 5 days with
a PLL–Cy5 concentration of approx. 1.42 pg per bead. For laminin
coating, microgel beads were first functionalized by resuspending
them for 2 days in 200 mL HEPES (pH 8.05) and 200 mL of
100 mg mL�1 poly-D-lysine (PDL, Sigma-Aldrich). Beads were then
washed and incubated for 1 day with 200 mL of 15 mg mL�1

laminin diluted in PBS (Sigma-Aldrich) (ESI,† Fig. S8).

Generation of 3D microgel bead colloidal crystals and cell
culture experiments

To generate reliable and stable colloidal crystals in a flow
channel (ibidi m-slide VI0.4 uncoated, ibidi GmbH) a combination
of three filters was needed (Fig. 1A).

Preparation of PMMA (polymethylmethacrylate) filter stack
(Fig. 1B). A 3 mm long piece of cellulose fiber filter immersed in
absolute ethanol (VWR) was pushed into each channel outlet.
50 mL of degassed 15% ethanol solution was added into the
outlet and the chamber was degassed again. The outlet was
closed with a Luer plug (male, ibidi GmbH) filled with 15%
ethanol solution and wrapped with PARAFILMs M (Sigma
Aldrich Chemie GmbH) to ensure a proper sealing. PMMA
bead suspension (10% w/w, microparticles GmbH) was added
into each inlet (10 mL of suspension of PMMA beads with 27 mm
diameter and 30 mL of suspension of PMMA beads with 42 mm
diameter, both degassed immediately before use). Inlet was
sealed with PARAFILMs M and the chamber (outlets facing
down) was centrifuged (Centrifuge 5804 R, Eppendorf) 3� at
54g for 1–2 min to ensure all PMMA beads move towards the
fiber filter. The dense, white PMMA bead stack was stabilized
by incubating the vertically positioned chamber for 7 min at
117 1C. Ethanol solution was then replaced with PBS (Fig. 1B).
For cell culture experiments, channels were filled with culture
medium and incubated over night at 37 1C, 5% CO2.

Preparation of 2nd filter stack – ULGP agarose beads.
Polydisperse ULGP agarose beads were used to close any
existing gaps in the PMMA filter stack in order to prevent
small compliant microgel beads from passing through the

coarse PMMA filter. Following PMMA filter stack preparation,
4–8 mL of a dense polydisperse ULGP agarose bead solution
were added to PBS- or medium-filled channel inlets and
centrifuged 3� at 54g for 3 min. A dense, nearly transparent
bead layer was established in front of the PMMA filter stacks.

3D microgel bead colloidal crystal assembly and cell culture
experiments. Inlets were emptied to remove any excessive ULGP
agarose beads and refilled again with medium. 4 mL of a dense
PAAm microgel bead solution of interest was added into the
inlet. For cell culture experiments microgel beads were coated
with proteins. The inlet was sealed with PARAFILMs M and the
chamber was centrifuged 3� at 54g for 3 min. The first dense
PAAm colloidal crystal layer was established in front of the
agarose filter stack. The inlet was emptied and filled again with
40 mL medium. 10 000–20 000 NIH3T3/GFP fibroblasts were
added into the filled inlets. The inlet was sealed with PARAF-
ILMs M and cells were centrifuged 2� at 54g for 2 min to form
a cell layer directly on the PAAm colloidal crystal. Subsequently
the second colloidal crystal layer was generated as described for
the first layer (Fig. 1C). It was also possible to randomly
distribute cells within the PAAm colloidal crystal (Fig. 1D).
For this, following generation of the first PAAm layer, a suspen-
sion of cells and PAAm beads was added to the inlet and
centrifuged as before, 3� at 54g for 3 min. To avoid the 3D
microgel colloidal crystals to disintegrate, 10 mL of PDL-coated
PAAm beads were added into the inlet and centrifuged again
3� at 54g for 3 min, thus forming a stopper layer (Fig. 1A).

The chamber was placed horizontally onto the lid of the
ibidi m-slide VI0.4 chamber (ibidi) in a Petri dish, to ensure
oxygen diffusion through the thin plastic bottom. The slide was
also used for imaging. Prior to live-cell imaging, the colloidal
crystals were incubated for approx. 2 h at 37 1C and 5% CO2. For
the survival study, medium was replaced daily. For DRG cultures
cell culture medium was not replaced for 3 days.

Staining procedures

Laminin staining. To assess the amount of laminin on the
functionalized PAAm microgel beads, 5 mL of coated microgel bead
pellet were transferred into new tube containing 500 mL of 2%
bovine serum albumin blocking buffer in PBS. After 1 h incubation,
the microgel beads were resuspended in 25 mL of primary antibody
anti-laminin (1 : 400, rabbit, L9393, Sigma-Aldrich) diluted in block-
ing buffer and incubated overnight. Microgel beads were then
washed 3 times with PBS and resuspended in 25 mL of secondary
antibody Alexa-Fluor 488 goat anti-rabbit lgG (1 : 400; A11034,
Invitrogen) in blocking buffer and incubated for 3 h.

Dorsal root ganglion neuron staining. Cells in colloidal
crystals were fixed with freshly prepared 4% PFA solution. Outlets
were first emptied and the inlets were refilled with PFA solution.
The solution slowly flowed into the channels and replaced the
medium overnight. Phalloidin (1 : 100; Invitrogen) and DAPI
(1 : 1000; Invitrogen) in PBS were used to stain the fixed cells.

Atomic force microscopy

Atomic force microscopy (AFM) indentation was used to deter-
mine the apparent Young’s modulus of the PAAm microgel
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Fig. 1 Generation and characterization of regular colloidal crystals (A) the combined filter consists of a cellulose fiber filter followed by a PMMA bead
filter and an agarose bead filter layer, followed by colloidal crystals with potentially different stiffness layers (E1 and E2), and a stopper layer containing
microgel beads to hold the colloidal crystals in place. The rectangle marks the imaging region of interest (ROI) (B) the image shows an overview of the
entire device just after the PMMA filter has been established at the outlet side. Inlets and outlets were sealed with Parafilm for storage. (C) fibroblast cell
layer (indicated by black triangles) seeded in between colloidal crystal regions of different stiffness. (D) Colloidal crystal with uniform stiffness and
randomly distributed fibroblasts, marked by black triangles. Scale bars: 100 mm. (E) Regularity characterization based on Gaussian fits of regularity peaks in
Fourier space (ESI,† Fig. S1). Median no of peak fits with A 4 0 and s o 4. 81.25% of the colloidal crystals were classified as regular (boxed data points).
(F) Exemplary orthogonal views of a regular 3D microgel bead colloidal crystal. (G) Theoretical colloidal crystal pore diameter of colloidal crystals with
hexagonal-closed packing of monodisperse spheres, where pores are defined as the sphere (red) fitting in the resulting void between first bead layer
(yellow) and second bead layer (blue). Scale bar: 25 mm.
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beads as described previously.25 Briefly, AFM indentation
measurements were performed using a Nanowizard I AFM
(JPK Instruments) mounted on an inverted microscope (Axiovert
200, Zeiss). Cantilevers used for elasticity measurements were
modified by gluing polystyrene beads (radius (RI) of 2.5 mm) to the
end of the tip-less cantilevers (ArrowTL1x20-50) using a two-
component epoxy glue (Araldite). The cantilevers were calibrated
by the thermal noise method prior to each experiment. In order to
immobilize the beads, a Petri dish was coated with 1 mL CellTak
(Cell and Tissue Adhesive, Corning) followed by microgel beads.
All measurements were performed in PBS at room temperature.
Individual force–distance curves were acquired with 3 mm s�1

approach and retract velocity and with a contact force ranging
from 3–12 nN. The apparent Young’s modulus E was extracted
from approach force–distance curves using JPK data processing
software and analysing only the first 1 mm of indentation depth.
The resulting data were additionally corrected by the so-called
‘‘double contact mode’’26 taking the deformation of the bottom
part of the microgel bead into account.

Microscopy

For PMMA colloidal crystal characterization an inverted
Axiovert200M (Zeiss) equipped with 20� air and C-Apochromat
40� 1.2 W objectives was used. When working with air objectives
and z-stacks, the refractive index correction included in the ZEN
software was adopted to achieve correct 3D objects. A refractive
index correction factor of 1.49 was used for PMMA bead stacks
and 1.33 for aqueous samples. Additionally, manual brightness
correction with spline interpolation and extrapolation was applied
to realize the best images possible. A z-step size of 0.5 mm was
used for the characterization of PLL–Cy5 functionalized PAAm
hydrogel bead colloidal crystals.

For overnight time lapse imaging an inverted DMI6000 from
Leica (objective: 20 � 0.7 dry) equipped with a high resonant
scanner to enhance imaging speed was used. The microscope
was equipped with an incubation system and imaging was
performed at 37 1C and 5% CO2. For resonant scanner imaging,
a line average of 8 was taken to decrease the blurring. In
addition to time lapse imaging of z-stacks, multiple areas were
imaged over the entire time.

For fixed dorsal root ganglion experiments, the acquisition
has been done on an Andor Dragonfly spinning disc system
mounted on an Olympus IX 83stand equipped with incubation
at 37 1C and 5% CO2 supply. The 40�/1.15 UAPON W objective
has been used along with 488 and 561 nm laser lines, single
band pass emission filters and the 40 mm pinhole disc.
The z-step size was set to 0.5 mm and no binning was used.

Image analysis

Image processing and analysis was done with FIJI.27 Maximum
projections as well as overlays were done with FIJI. Migration
distance and directionality of fibroblasts were determined
manually in FIJI and plotted in an angle–radius plot. Transmission
light microscopy was used to precisely define the interface zone
between stiff and soft microbeads (ESI,† Fig. S10). This is based on
the fact that stiffer microbeads have a higher refractive index

compared to soft beads.25 3D rotational views of DRG neurons
were generated with Imaris. Neurite length was determined with
Imaris NeuriteTracer and semi-automatic detection. 15 neurites
were traced per condition starting from the growth cone and
following through to the cell body.

Statistical analysis

Statistical analysis was performed in OriginPro 9.1. The number
of measured beads per condition (n) is always stated in the figure
captions. Statistical significance was determined by a Mann–
Whitney test. Box plot whiskers were defined as 1.5� interquartile
regime and outliers as data points outside the whiskers.

Results

Here we present the successful development, characterization
and implementation of novel colloidal crystals with tunable
stiffness layers made from monodisperse PAAm microgel beads.
Pilot experiments with fibroblasts and dorsal root ganglion
neurons demonstrate the breadth and diversity of their possible
applications.

3D microgel bead colloidal crystal generation and
characterization

The combination of three filter layers (cellulose fiber filter,
PMMA bead filter and agarose bead filter) resulted in a reliable
barrier to retain small compliant microgel beads in the flow
channel (Fig. 1B). Nevertheless, the permeability of the filter
layers permitted culture medium replacement or any experi-
mental washing steps. Colloidal crystals were successfully
assembled by microgel bead building blocks centrifuged on
top of the combined filter (Fig. 1A). The stacked up colloidal
crystals were held in place by a stopper layer also containing
microgel beads. This new method allows the generation of
3D colloidal crystals with continuous stiffness and randomly
distributed cells (Fig. 1D) or colloidal crystals containing two
stiffness regions with cells dispersed at the interface (Fig. 1C).
Note that the porosity of the scaffold is not majorly affected by
the presence of the cells (ESI,† Fig. S9). The optical and
mechanical properties of the selected polyacrylamide (PAAm)
microgel beads were recently characterized.25 The material
elasticity can be tuned with a Young’s modulus varying from
100 Pa up to 30 kPa. The microgel beads were homogenous as
verified by optical diffraction tomography and Brillouin micro-
scopy and their refractive index is close to that of water. Thus,
live cell imaging can be performed in the 3D microgel colloidal
crystals without extensive refractive index matching.

A limitation in existing 3D scaffolds made of hydrogels is
that porosity often changes with variations in material stiffness.
It was thus important to establish whether the regularity
between different colloidal crystals in our model was comparable.
We assessed the regularity of colloidal crystals using confocal
microscopy and PAAm microgel beads functionalized with
fluorescently tagged poly-L-lysine (PLL). The regularity of colloidal
crystals was analyzed with a custom-written image processing
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work flow based on Gaussian fits of regularity peaks in Fourier
space (ESI,† Fig. S1A). A regular colloidal crystal was defined as
having 5 or more peak fits with an amplitude, A, greater than 0 px
and a variance, s, smaller than 4 px (ESI,† Fig. S1B). Our analysis
revealed that 81.25% of the colloidal crystals satisfied these
conditions (Fig. 1E). We observed that these highly regular
colloidal crystals had a hexagonal close-packed structure
(Fig. 1F). Based on geometrical considerations,28 the volume of
the pore in such highly regular colloidal crystals is defined by the
size of the largest sphere that can fit into the void. Taken into
account the octahedral and tetrahedral pores in our system, we
calculated the theoretical crystal pore diameter for 15 mm microgel
beads in the range of 3.375 mm and 6.21 mm for (Fig. 1G). The
porosity can be tuned to the required pore dimensions by using
corresponding microgel bead diameters.

Fibroblasts survive over 96 h in colloidal crystals

Oxygen is a key regulator of cellular behaviour and fluctuations
in oxygen supply can affect several process such as proliferation,

differentiation and apoptosis.29–32 A major challenge when
designing 3D cultures is to ensure sufficient oxygen supply for
maintaining cell viability. Computer simulations were used to
model the availability of oxygen in our scaffolds over a 24 hour
period (see ESI†). Based on our gas diffusion model, a sufficient
oxygen gradient can be established that will permit cell growth for
at least 24 hours (Fig. 2B–D). We then performed a pilot study to
assess the ability of the 3D microgel bead colloidal crystal to
support fibroblast growth. PAAm microgel beads of different
stiffness (ESI,† Fig. S2) were functionalized with PLL–Cy5 to
enable cell attachment and used to build colloidal crystals of
different but uniform stiffness. GFP-tagged NIH3T3 fibroblasts
were randomly seeded in the colloidal crystals of different stiff-
ness and their growth was monitored over 96 hours (ESI,† Fig. S3).
The culture medium was replaced daily and supplemented with
propidium iodide (PI) to monitor cell death. Cells proliferation
markedly increased over the 96 hour period, thus confirming
our theoretical prediction (Fig. 2E). Moreover, cells incorporated
into all scaffolds while forming interconnected networks and

Fig. 2 Simulation of temporal evolution of oxygen concentration and fibroblast survival over time in colloidal crystals. (A) Schematic diagram of cross-
section of ibidi m-Slide VI0.4 (channel width B, channel height H1, bottom height H2) with oxygen diffusion parameters (initial oxygen concentration
c0, ambient partial pressure of oxygen pg, mole fraction solubility for oxygen in water XO2

, oxygen diffusion coefficient DO2
and permeability of plastic

bottom PO2
), inward flux No,c and oxygen consumption rate Ri. (B) Simulated oxygen concentration (mol m�3) over time (27 h) and channel height for very

small oxygen diffusion coefficient (D { DO2
). (C) Simulated oxygen concentration evolution (mol m�3) for oxygen diffusion coefficient in water at 37 1C

(DO2
) and 10 000 fibroblasts. (D) Simulated oxygen concentration evolution (mol m�3) for oxygen diffusion coefficient in water at 37 1C (DO2

) and 20 000
fibroblasts. (E) Representative confocal images of fibroblasts seeded in colloidal crystal with mean bead Young’s modulus of 6 kPa over 96 h. PAAm
microgel beads had a total monomer concentration (cT) of 9.9% and were coated with poly-L-lysine–Cy5. Medium was replaced daily and supplemented
with propidium iodide (PI) to monitor cell death. Images show maximum projections. Green: fibroblasts; red: nuclei of dead cells (PI) Scale bar: 100 mm.
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displaying a spread morphology indicative of cell attachment to
the substrate (ESI,† Fig. S3 and S4). Only a minor increase in cell
death was observed over 96 hours.

Fibroblast migratory behavior in colloidal crystals

Fibroblast durotaxis, which is the migration of cells towards
stiffer substrates, has so far only been tested on 2D substrates1

or in 3D bulk gels, where porosity is coupled to mechanics.10

We thus employed our colloidal crystal system to test whether
fibroblast durotaxis also occurs in a 3D environment with
varying stiffness. PLL–Cy5 coated microgel beads were used to

assemble a scaffold consisting of a layer of compliant (e.g., 6 kPa)
and a layer of stiff (e.g., 11 kPa) colloidal crystals. GFP-tagged
fibroblasts were seeded between the two layers and their
migration was monitored over 16 hours. As an internal control,
the direction of the step stiffness was inverted to check whether
the sequence of scaffold itself could dictate migration. Fibro-
blasts adhered and interacted with the microgel beads as
observed before (Fig. 2E and 3A, B) and migrated by squeezing
through scaffold pores (Fig. 3A and ESI,† Movie S1). Moreover,
we observed that, in areas where the colloidal crystals were less
dense, cells could pull PAAm microgel beads towards cell

Fig. 3 3D durotaxis of fibroblasts. NIH3T3/GFP fibroblasts migrating through PLL–Cy5 coated PAAm colloidal crystals of varying stiffness. (A and B)
Representative single confocal slices of areas indicated in (C) showing fibroblasts (green) interacting with and migrating through colloidal crystals (grey)
over time. Scale bars: 20 mm. (C) Overlay of maximum projections of fibroblast fluorescence signal for starting point (green, t = 0 h) and end point
(magenta, t = 15 h). Channel consisting of a more compliant colloidal crystal (cT = 9.9%, mean Young’s modulus: 6 kPa) on the right side and a stiff
colloidal crystal (cT = 11.8%, mean Young’s modulus: 11 kPa) on the left side. 20 000 cells seeded. (D) Overlay of maximum projections of fibroblast
fluorescence signal for starting point (green, t = 0 h) and end point (magenta, t = 16 h). Channel consisting of a stiffer colloidal crystal (cT = 11.8%, mean
Young’s modulus: 14 kPa) on the right side and a more compliant colloidal crystal (cT = 9.9%, mean Young’s modulus: 8 kPa) on the left side. 10 000 cells
seeded. The two panels in (C) and (D) show two representative experiments for the same experimental condition. Scale bar: 50 mm. (E and F)
Directionality analysis of migrating fibroblasts from (C) and (D), respectively. Colloidal crystal layer interfaces are marked by dashed line. Time series for
(A)–(C) are available as movies in the ESI† (Movies S1–S3).
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clusters and to even compress them (Fig. 3B). After 15–16 hours
most of the fibroblasts had migrated towards the stiffer
scaffolds (Fig. 3C–F and ESI,† Movies S2, S3), illustrating a
durotactic migration behavior. This tendency was independent
of the orientation of the step stiffness within the scaffold
(Fig. 3C, E vs. Fig. 3D, F). Cells in the stiffer regions appeared
to have more prominent cell protrusion than cells in their
compliant counterpart. In non-functionalized colloidal crystals,
cells failed to adhere or migrate and instead formed cell
clusters (ESI,† Fig. S5). Taken together these experiments
demonstrated the usability of the colloidal crystals as 3D
in vitro model for studying the effect of stiffness – independent
of porosity – on cell migration.

Mechanosensitive dorsal root ganglion neurite outgrowth in
colloidal crystals

The mechanical properties of the substrate affect different
aspects of neuronal physiology and function. For example,
studies on flexible 2D substrates of varying stiffness have
reported differences in neurite growth including branching,
dendrite arborization and network activity influenced by the
substrate mechanics.33–36 Using our colloidal crystal model, it
is now possible to expand these investigations into 3D micro-
environments while covering physiological tissue stiffness
ranges and above. Here, DRG neurons isolated from adult mice
were randomly seeded in colloidal crystals of PAAm microgel
beads of different stiffness (ESI,† Fig. S6) coated with poly-D-
lysine and laminin. After three days in culture, the neurite
outgrowth of the DRG neurons was visualized by rhodamine-
phalloidin and DAPI staining for actin cytoskeleton and nuclei
visualization, respectively. When exposed to compliant colloidal

crystals (B2 kPa), we observed an extensive neurite outgrowth
over large distances forming complex network-like structures
(Fig. 4A, D and ESI,† Movie S4). Conversely, outgrowth of neurites
was visibly reduced in DRG neurons exposed to scaffolds with
intermediate (B6 kPa) and especially high stiffness (B18 kPa)
(Fig. 4B and C, see ESI,† Movies S5 and S6). In colloidal crystals
with intermediate stiffness, we observed that neurite elongation
appeared to be smaller and the network-like structures looked
denser (Fig. 4B, D and ESI,† Movie S5), whereas very few neurites
were observed in stiff colloidal crystals (Fig. 4C, D and ESI,†
Movie S6).

Discussion

In this study, we successfully developed and optimized a novel
cell culture method by fabricating colloidal crystals that decouple
scaffold stiffness, porosity and adhesion, and can provide two
stiffness layers within one scaffold. We used PAAm microgel
beads as colloidal crystal building blocks and, in combination
with a three-layer filter, generated stable and regular 3D colloidal
crystals by means of centrifugation. Moreover, we showed the
functionality of the colloidal crystals as a 3D cell culture model
and as a tool for mechanosensitivity studies. We performed a
pilot experiment to study cell attachment and durotactic cell
migration, as well as first 3D mechanosensitivity studies of
DRG neurite outgrowth.

Colloidal crystal characterization

In the last decade, advances in tissue engineering saw the use
of microspheres as building blocks for 3D constructs with the

Fig. 4 3D mechanosensitivity of DRG neurite growth. (A–C) Representative 3D confocal images of DRG neurons cultured in colloidal crystals of
different stiffness coated with poly-D-lysine and laminin. After three days in culture, neurons were fixed and stained with cytoskeletal marker rhodamine-
phalloidin (orange) and nuclear marker DAPI (blue). Arrowheads indicate exemplary neurite outgrowth. Scale bars: 40 mm. (A) cT = 7.9% (B) cT = 9.9% (C)
cT = 13.8%. Rotating 3D views are available as movies in the ESI† (Movies S4–S6). (D) Average neurite length for each culture condition (n = 15).
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aim to create highly interconnected porous scaffolds that
facilitated nutrient supply to cells.19 Microsphere-based scaf-
folds range from purely synthetic to purely natural polymers,
such as PEG,21 PEG conjugated with fibronectin and hyaluronic
acid37 hyaluronic acid,22 gelatin24 or collagen-coated PAAm;38

with diameters between 70 mm and 300 mm.19 Others have used
a liquid-foaming approach to create scaffolds with mono-
disperse uniformed circular pores and showed that fibroblast
grown in 45 mm-diameter pores lose their dorsal-ventral
polarity.39 Recent studies by the group of Tatiana Segura
reported, for the first time, a porous microgel scaffolds with
tunable stiffness for in vivo wound healing applications.21–23

They generated hyaluronic acid (HA) microgels with a diameter
around 80 mm and smaller scaffold pore sizes than previously
reported in porous hydrogels.22 However, using active bio-
materials as building blocks has some limitations in attempts
to single out the relative contribution of various scaffold
material parameters, since biological materials can directly
affect cell behaviour. For instance, fibroblasts migrate slower
on HA hydrogels with increasing stiffness,37 while they migrate
faster on collagen-coated PAAm with the same stiffness range.38

In a recent study, Sheikhi et al. aimed to decouple stiffness and
bulk gel porosity by annealing gelatin-based microgel beads
with varying stiffness and reported to a uniform pore diameter
of 20 mm.24 Nevertheless, a drawback of the current hydrogel
models is the limitation to fabricate scaffolds with internal
stiffness gradients, while porosity and adhesion sites remain
constant.

Here, we used an inert hydrogel material with adjustable
stiffness to ranges encountered in physiological conditions.
Importantly, PAAm hydrogel does not influence cell behaviour
or cell attachment40,41 and can be specifically functionalized
with various cell ligands, such as laminin, collagen or fibro-
nectin. An important advantage of our system is the possibility
to generate scaffolds with different layers of stiffness without
altering the porosity of the scaffold in principle. At the same
time pore diameter can be adjusted simply by using mono-
disperse microgel beads of different sizes (Fig. 2E). In the
present study, cells were randomly embedded into the scaffold
during the assemble process. Because of this, the regularity of
the scaffolds in the area of cells was sometimes slightly
distorted, as cells were taking up space where beads should
have been. Alternatively, more stable and perfectly regular
scaffolds can be generated by microgel bead annealing after
fabrication using degradable crosslinkers.21 Cells would then
have to be introduced later. This approach then creates an
interconnected colloidal crystal with constant porosity, even
within a single scaffold, where cells can infiltrate, migrate and
proliferate.

A flow channel suitable for live-cell imaging was employed
and adapted to generate a 3D microgel bead scaffold. We first
devised a three-layer filter with decreasing pore size that served
as a stopper for the small and deformable monodisperse
microgel beads, while allowing liquid to flow through. This
permeable filter was useful for replacing culture medium or for
downstream applications, such as immunostaining. To avoid

disassembly of the colloidal crystals another stopper layer
consisting of PAAm beads was introduced at the other end of
the flow channel. Since material and porosity are not critical at
this position, one future possibility is to introduce a stable
stopper layer that can be annealed by photo-polymerization
e.g., MAP gels or GelMA beads.22,24 Despite the fact that the
microgels are not annealed in a mechanically stable colloidal
crystal, more than 80% of the generated colloidal crystals were
highly regular and therefore cells had limited space to move the
beads around.

Cell migration through 3D microenvironments is often dictated
by a combination of scaffold stiffness and pore size.42 Cells
circumvent these physical constrains by proteolytic degradation
of the scaffold to widen the migratory path, and by cell body
deformation to pass through narrow pores.43,44 Whereas the
cytoplasm of cells is highly compliant and can penetrate through
confining pores, the nucleus is more rigid and presents a limiting
factor during migration. For example cancer cells, migrating
through microfluidic channel constrictions of 3 mm in diameter,
exhibited massive nuclear rupture followed by DNA damage.45,46

Additionally, precise control of porosity is critical in tissue engi-
neering and regeneration where optimal pore size varies from one
cell type to another.47 In our scaffold we used microgel beads with a
diameter of 15 mm (Fig. 2E), based on the findings that optimal
implant pore size for fibroblasts ranges between 5–15 mm.47 One
advantage of our system is that colloidal crystal pore diameter can
be adjusted simply by the use of monodisperse microgel beads with
different sizes (Fig. 2E), which might be necessary for different cell
types. In contrast, adjusting pore size in bulk hydrogels depends on
various parameters, such as hydrogel material and temperature,
which might result in different microarchitectures.48

Characterization of colloidal crystals using confocal micro-
scopy depends on the imaging quality inside the depth of the
scaffold. Since the PAAm beads had a refractive index close to
the aqueous medium surrounding them, light loss by scattering
and diffraction and deterioration of image quality was minimized.
When using other bead materials, such as PMMA, which might be
desirable in certain applications, matching the refractive index of
the solution in the flow chamber with the refractive index of the
plastic beads is necessary. Immersing PMMA bead scaffolds in
a 2,2-thiodiethanol–water solution with a refractive index of
1.488 reduced diffraction losses and increased the image signal
to noise ratio and axial imaging depth (z-axis) from 80 to
400 mm (ESI,† Fig. S7 right) and overall improved image quality.
It should be noted that 2,2-thiodiethanol is cytotoxic and thus
not suitable for live-cell imaging.49

Oxygen

An important parameter to consider in 3D cultures is the oxygen
supply, since limitations in oxygen can influence cellular behaviour
such as survival, proliferation and migration.30,32 We thus used
computer simulations to model the availability of oxygen and
predict whether the 3D scaffolds could support cell growth. Our
model assumed that cells were randomly distributed, and that
oxygen was the only limitation. We assumed a direct propor-
tionality between permeability and temperature and thus
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calculated permeability at 37 1C. However, the experimental
influx of oxygen might be higher considering that the direct
relationship between permeability and temperature is often
over-proportional (i.e., it depends on the actual material).50

Moreover, in our experimental model fibroblasts formed cellular
clusters upon migration that might change the resulting oxygen
profile.51

To avoid fluctuations in glucose levels, another limiting
factor known to affect proliferation rates, the culture medium
was replaced daily. Additionally, we used a low starting seeding
density since at high cell densities the growth rate might be
influenced by low oxygen diffusivity.52 Future simulations
models could also account for cell death by implementing a
step-down function.50 In addition, simulated oxygen levels can
be confirmed using dispersible oxygen microsensors29 or non-
invasive optical oxygen measurements51 for measuring experi-
mental oxygen concentration in our system.

Fibroblast durotaxis

The phenomenon of fibroblast migration towards region of
increasing stiffness (i.e. durotaxis) appears to be conserved in
both 2D and 3D environments.1,10,11,13,53 Nevertheless, to our
knowledge our study is the first to study durotaxis using
scaffolds where stiffness is decoupled from simultaneous
changes in pore size. To examine the performance of our
scaffold we assessed the migratory behaviour of fluorescently
labelled fibroblasts in scaffolds consisting of two different
stiffness layers and uniform pore size. Fibroblasts exhibited
durotactic behaviour and migrated towards the stiffer region of
the scaffold, independent of stiffness orientation (Fig. 3C and D).
This is in accordance to previous studies that showed that
fibroblasts preferentially accumulate in stiffer regions, both in
2D and 3D models.1,10,54,55 This accumulation could be explained
by the 3D durotactic behavior we observed for fibroblasts in our
system—independent of stiffness orientation (Fig. 3C and D). Cell
adhesion and growth were similar, irrespective of stiffness (Fig. 2E
and ESI,† Fig. S3, S4). Slight morphological differences were
observed in stiffer regions, where cells appeared to have more
cell protrusions. This could be attributed to increased fibroblast
spreading as previously reported.39,56 However, extensive charac-
terization of the actin cytoskeleton and focal adhesion proteins
(paxillin, talin, vinculin) is necessary to assess how cells respond
and determine substrate rigidity in these 3D scaffolds.

Follow-up studies will also focus on the mechanosensitivity
of cells exposed to various mechanical and biochemical cues. It
is possible to functionalize the microgel beads with different
extracellular matrix ligands, for example fibronectin, collagen,
and tenascin, and assess how cells sense and respond to this
environment. A drawback of functionalizing the microgel beads
at present is that the amount of bound ligand is dependent on
the amount of NHS-groups incorporated in the hydrogel.41

Consequently, stiffer PAAm microgel beads contain more
NHS-groups and therefore potentially more adhesive ligands,41

which could have a chemotactic effect. The relative amount of ligand
bound to beads can be assessed by immunostaining and confocal
microscopy; as shown for laminin-coated beads (ESI,† Fig. S8) or in

the future using a serial dilution assay with fluorescently-labelled
adhesion ligands. Importantly, new methods are being devel-
oped for functionalizing PAAm hydrogels with controlled
densities of ligands, independent of stiffness, which will be
employed in future scaffolds.57 Finally, our model could be
used to generate scaffolds with multiple stiffness layers in order
to approach gradient-like stiffness.

The mechanisms underlying 3D migration can differ from
2D and be independent from focal adhesions, resulting in
different migration modes (mesenchymal migration vs. amoeboid
migration).58–61 One such possible adhesion-independent migra-
tion mechanism is called chimneying force transmission.59 How-
ever, there is no evidence whether adhesion-independent
migration can also exhibit a durotactic behaviour, as focal adhe-
sions are thought to be one of the mechanosensing elements
directing migration. In our study, fibroblasts embedded in non-
functionalized beads appeared rounder, formed cell clusters
(ESI,† Fig. S5) and failed to migrate to stiffer regions. Nevertheless,
more work is needed to assess whether this phenomenon is
caused by lack of adhesion ligands or focal adhesion complexes,
or due to changes in dorsal-ventral asymmetry. Follow-up
studies on amoeboid migration are also possible owing to the
inert properties of the hydrogel material and the density and
regularity of the scaffold. These features should permit cells to
exert forces to move forward in confined spaces, independent
of focal adhesions.58–60

DRG neurite outgrowth

Over the last decades it has been shown that mechanosensing
of neuronal cells is important for central nervous system (CNS)
development, maturation, regeneration and pathophysiology.62–64

Neuronal mechanosensitivity has been investigated in 2D,33,64

and 3D assays65 with the same drawbacks as already discussed
for migration studies. It has been shown that neurite outgrowth
decreases in stiffer microenvironments.33,65 The stiffness range
investigated in these studies was between 50–5500 dyne per cm2,
which translates to 5–550 Pa (i.e., in vivo nervous tissue stiffness)
and lower than the stiffness ranges of 2–18 kPa covered in the
present study. Koser and colleagues demonstrated that retinal
ganglion cell axons from Xenopus laevis grew longer on stiffer 2D
substrates,64 but the stiff PAAm gels used (1 kPa) were actually
similar to the lower range of microgel bead stiffness utilized in
our study. Our results indicate that DRG neurons extend longer
neurites in physiologically compliant 3D scaffolds compared
to—non-physiological—intermediate and stiff scaffolds. This
result is in accordance with previous data showing that neurons
have a preference for physiological, soft microenvironments.33–36

The effect of microenvironment stiffness in neuronal growth has
important implications for tissue engineering strategies aimed at
promoting nervous system regeneration and repair.66 It has been
proposed that in the case of CNS injuries, such as spinal cord
injury and the formation of a glial scar, the biochemical as well as
mechanical properties of the tissue microenvironment play an
important role in the process of regeneration. It has indeed been
shown in the spinal cord of zebrafish larvae67 and rat brain68 that
CNS stiffness changes after injury. These changes might, among
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other factors, be the result of an accumulation of different cells
and ECM molecules within the resulting glial scar and could thus
prevent the regrowth of axons also by some mechanosensitive
mechanism.62,69,70 We believe that the use of 3D scaffolds, where
the mechanical properties can be decoupled from biochemical
parameters, constitute an important methodical advance to study
the mechanosensing mechanisms of neurons and glial cells to
changes in microenvironment stiffness within the same platform.
Ultimately, research utilizing these scaffolds could provide a
better understanding of the role that the microenvironment
stiffness plays in nervous tissue regeneration.62

Conclusions

We developed a novel 3D scaffold consisting of PAAm colloidal
crystals where all parameters could, in principle, be decoupled
from the mechanical properties of the substrate. The unique
modularity of our system allows the user to functionalize the
microgel beads with different ECM ligands; to adjust porosity
by changing the diameter of the microbeads and to create
multiple stiffness steps within the same scaffold. Ultimately,
this novel 3D culture system could be used to rebuild patterns
that mimic the mechanical properties of in vivo environments;
such as during neuronal regeneration after injury62 or the
evolution of layered retina structure during development.71

Ultimately, this novel 3D culture scaffold could uniquely estab-
lish the importance of mechanics for various biological and
biomedical processes.
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