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The structural features of the matrix surrounding the cells play a crucial role in regulating their behavior.
Here, we used fluorescence microscopy and customized analysis algorithms to characterize the

architecture of fibrous hydrogel networks. As a model system, we investigated a new class of synthetic

biomimetic material, hydrogels prepared from polyisocyanides. Our results show that these synthetic

gels present a highly heterogeneous fibrous network, with pores reaching a few micrometers in
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diameter. By encapsulating Hela cells in different hydrogels, we show that a more porous structure is
linked to a higher proliferation rate. The approach described here, for the characterization of the
network of fibrous hydrogels, can be easily applied to other polymer-based materials and provide new

insights into the influence of structural features in cell behavior. This knowledge is crucial to develop the

rsc.li/soft-matter-journal

1. Introduction

The physical properties of the cell environment have a signifi-
cant impact on its fate in terms of survival, proliferation and
differentiation.’® A major component of the cellular environ-
ment is the extracellular matrix (ECM). This porous 3D network
of proteoglycans, polysaccharides and fibrous proteins provides
a physical scaffold for the cells and initiates important
mechano-transduction pathways. While the most well-studied
physical cue is the stiffness (or elasticity) of the matrix,”® other
properties such as surface and structural characteristics also
influence cellular behavior.'®™** Results on the role of topo-
logical characteristics of 2D surfaces show that topographic
features in the nanometer range alter the subcellular sensing
mechanisms, and that features larger than 10 um (the length-
scale of a mammalian cell) mainly affect the whole cell
morphology.™ For instance, osteogenic differentiation of mesen-
chymal stem cells was promoted when the cells were cultured in
substrates containing topographic features of ridges and grooves
ranging from 0.7 to 2 pm (1.4-4 um in pitch).*

In vivo and in 3D cultures, where cells are completely
surrounded by ECM, the effects of physical cues are similarly
important, but certainly not identical to the 2D experiments,">™"”
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next generation of biomimetic materials for 3D cell models and tissue engineering applications.

hence, studies in 3D cultures are of paramount importance.
Moreover, recent works have demonstrated that cell behavior is
influenced by the parameters associated with the 3D fibrous
network, including pore size and pore connectivity of the extra-
cellular matrix."®"® For example, highly interconnected pores
enable better vascularization throughout the scaffold, thereby
enhancing bone regeneration.'>"?

Hydrogels with natural or synthetic origins serve as the
primary used scaffold for 3D cell cultures. Their architectures
are commonly studied using scanning or transmission electron
microscopies (SEM/TEM), atomic force microscopy (AFM) or small
angle scattering techniques (SAXS/SANS). Despite the high spatial
resolution achieved with these techniques, they present important
limitations. Both AFM and SEM/TEM provide a 2D view of a 3D
structure while scattering techniques give only average values for
structural parameters. In addition, sample requirements restrict
imaging in native conditions and these methods are therefore
unable to measure dynamics in situ.

In contrast to the aforementioned methods, optical microscopy
can unravel the structure and dynamics of complex heterogeneous
materials with nano- to micrometer resolution, in 3D, over a wide
range of time scales. This makes optical microscopy an ideal tool
to study the complex ECM. Indeed, despite the lower spatial
resolution, conventional fluorescence microscopy is perfectly suited
to image the structure of biopolymer gels, for instance, gels based
on collagen or fibrin.*"** The majority of reports, however, merely
concentrate on imaging the polymer network and lack subsequent
network analysis and quantification.

In this work, we present automated software to analyse the 3D
structure of hydrogels, using fluorescence images. Compared to

This journal is © The Royal Society of Chemistry 2020
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existing algorithms,”*">” our approach yields more accurate results
for highly porous networks which tend to yield highly complex
distance maps often resulting in over-segmented pores.

As a model system, we used a fully synthetic fibrillar hydrogel
based on oligo(ethylene glycol)-grafted polyisocyanides (PICs),">"”
which provides a reproducible fibrous matrix that is tunable with
preparation conditions. While the mechanical properties of the
PIC hydrogels are well documented,"” it remains unclear how
synthesis and experimental conditions (e.g molecular structure
and polymer concentration) impact the gel architecture and, with
that, cell behavior. So far, studies of the PIC hydrogels’ structure
focussed on the nanometer scale: AFM analysis showed that the
formation of fibrils or (~7 chains per bundle) is independent of
the polymer concentration.'® SAXS measurements confirmed
bundle dimensions and showed that a decrease in the polymer
concentration resulted in an increase of the pore size of
the network, with minimal changes on the bundle diameter."®
However, data at micrometer length scale is still lacking.

For our analysis, we prepared and analysed PIC hydrogels
of different molecular weight polymers and at different
concentrations. With fluorescence microscopy and our improved
network analysis tool, we show how the architecture of these
different gels changes. Lastly, from the proliferation rates of the
HeLa cells encapsulated in these hydrogels we demonstrate that,
indeed, the hydrogel architecture greatly affects cell behavior. The
approach depicted in this work can be easily applied to investigate
the structure of other (bio)materials.

2. Materials & methods

2.1. Polymer synthesis

PIC polymers were synthesized by a nickel(u)-catalyzed
co-polymerization of tri(ethylene glycol)-functionalized iso-
cyano-(p)-alanyl-(L)-alanine (monomer 1, Chiralix) and the azide-
appended equivalent (monomer 2, molar ratio 1:2 is 29:1),
following the synthesis procedure as published elsewhere.”®
Briefly, both monomers were dissolved in freshly distilled toluene
(50 mg mL™") and the appropriate amount of catalyst Ni(ClO,),
was added (ratios given in Table 1). The reaction mixture
was stirred at room temperature (20 °C) for 24-48 h until IR
spectroscopy indicated full consumption of the monomer. The
synthesized polymers were precipitated three times from dichloro-
methane in diisopropyl ether and dried overnight in air. Mole-
cular weights were determined through viscosity measurements
in acetonitrile following an earlier reported protocol.?®

Table 1 Characterization of the polymers and hydrogels used
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2.2. Rheology analysis

For the mechanical analysis of the gels, a stress-controlled
rheometer (Discovery HR-2, TA Instruments) with an aluminum
or steel parallel plate geometry was used (diameter = 40 mm,
gap = 500 um). All samples were loaded onto the rheometer
plate in the liquid state at T =5 °C followed by a temperature
ramp to T = 37 °C at a rate of 1.0 °C min~". The moduli were
measured in the linear viscoelastic regime at amplitude of
7 = 0.02 or 0.04 and a frequency of @ = 1.0 Hz. The sample
was allowed to equilibrate at 37 °C prior to the nonlinear
measurements. Here, the gel was subjected to a constant
prestress of g, = 0.5 to 200 Pa, and the differential modulus
K' was probed with a small superposed oscillatory stress at
frequencies of w = 10 to 0.1 Hz (reported data at ® = 1 Hz). The
oscillatory stress was at least 10 times smaller than the applied
prestress.

2.3. Polymer labelling and sample preparation

Before each measurement a fresh stock solution of 2 mg mL ™"
of PIC polymers was prepared by mixing the polymers with
Milli-Q water overnight at 5 °C. To fluorescently label the
polymer molecules, carboxy tetramethyl-rhodamine (TAMRA)
with a covalently attached DBCO linker (Sigma Aldrich) was
added to the polymer solution in a ratio of 1 mg polymer:
2-5 uM of dye. Considering the molecular weight of the polymer,
this resulted in a final density of 6-12 fluorophores every 100 nm
of polymer bundle (considering that a polymer bundle contains
7 polymer chains). The solution was incubated for at least
5 minutes on ice.

For imaging, the PIC solution was loaded into a perfusion
chamber (CoverWell™ Perfusion Chambers 9 mm, Grace Bio-Labs)
glued on a clean cover slide (Menzel-Gliser). Once loaded, the
chamber was sealed with tape to avoid evaporation and kept at
room temperature for 2-3 h to ensure complete labelling and gel
formation.

2.4. Confocal fluorescence imaging

Fluorescence imaging was done with a Leica TCS SP8 X confocal
microscope. The images were acquired using a water objective
(HC PL APO 63x%/1.20, motCORR, Leica), a hybrid photomultiplier
tube as detector (HYD-SMD, Leica) and a field-of-view scanner
(200 Hz, bidirectional). As an excitation source, a supercontinuum
white light laser (470-670 nm, pulsed, 80 MHz, NKT Photonics) was
used. PIC polymers labelled with TAMRA were excited at 553 nm.
The fluorescence was collected between 560 nm and 750 nm.

Polymer [Ni**]: [M] ratio M,* (kg mol ™) Polymer length? (nm) Hydrogel c(gL™ G’ (Pa) . (Pa)

gshort 1:1000 363 145 5025 0.25 0.8 0.2
S05 0.5 4.8 0.6
S1 1 34.0 3.9

Llong 1:5000 572 229 L025 0.25 10.3 1.2
LO5 0.5 52.6 7.6
L1 1 96.3 13.4

“ The molecular weight of the polymer is calculated based on viscosity measurements.

This journal is © The Royal Society of Chemistry 2020
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All measurements were performed in a temperature controlled
environment (25 °C).

At least five different areas in the perfusion chamber were
randomly selected and imaged for each sample in duplicate. Data
was acquired with Leica Application Suite X software and Image]
was then used for data visualization. The images were acquired
with a pixel size of 180 nm in XY and a z-step of 200 nm.

2.5. Polymer network analysis

Image segmentation and analysis of the network were performed
using a software developed in-house, written in MATLAB® (Fig. 1).
The software is freely available at https://github.com/BorisLouis/
Segmentation or https://borislouis.github.io/Codes/.

The software is composed of different parts, namely loading,
pre-processing, segmentation, post-processing and calculations.

Fig. 1
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The different parts are explained in detail in the link provided
above. Briefly, after a 3D Gaussian filtering (pre-processing), the
smoothed images are segmented using an adaptive or global
threshold (Fig. 1c). In the majority of the applications appropriate
segmentation can be achieved using a global threshold. In the
fluorescence images where the background signal is not uniform,
the adaptive threshold provides better results. To minimize the
differences in the illumination or local background we use an
adaptive threshold in all the analysed images. This implies that
the threshold in a given pixel is chosen in 3D, based on the mean
of N neighbouring pixels and a sensitivity value. For the images
here presented, we used a 6 x 6 x 6 pixel window (N = 216) and a
sensitivity value of 0.6. This sensitivity was chosen after the
comparison between images segmented using different sensitivi-
ties with data manually segmented (see Supporting Note, ESI}).

Image analysis workflow for the determination of structural parameters. (a) Representative xy fluorescence image of a fluorescently-labelled PIC

gel. (b) Magnification of the region indicated by the white square in panel (a). (c) Segmented image calculated using an adaptive intensity-based threshold.
The white regions are classified as pores. (d) Image after the watershed segmentation. The rainbow coloring of the pores indicates the distance of each
pixel to its closest polymer fiber (edge of the pore). The watershed algorithm section each pore on the region where the diameter is more narrow. (e) The
local pore diameter is determined by calculating the diameter of the biggest circle/sphere that can fit in each section of the pore (blue circles). (f) The
porous structure of the network is represented by the circles/spheres calculated in (e) and lines connecting the circles/spheres in continuous pores.
(g) Fluorescence images representing a z-stack. (h) Schematic illustration where the segmented polymer fibers are displayed in red and the local pore
diameter is represented by the light blue spheres. (i) Schematic representation of the porous network in 3D. The local pore of the polymer gel is
represented by the light blue spheres while sticks represent the connectivity between the calculated pores.

4212 | Soft Matter, 2020, 16, 4210-4219 This journal is © The Royal Society of Chemistry 2020


https://github.com/BorisLouis/Segmentation
https://github.com/BorisLouis/Segmentation
https://borislouis.github.io/Codes/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sm01828j

Open Access Article. Published on 15 April 2020. Downloaded on 12/5/2025 2:09:42 PM.

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

(cc)

Paper

After segmentation, a binary image is generated, where each pixel
(2D) or voxel (3D) is classified as belonging to a pore (value 0) or to
a polymer fiber (value 1), depending on its intensity (below or
above a chosen intensity threshold). The binary volume created is
cleaned from small artefacts as a post-processing step. This
segmentation step leads to the detection of the pores (Fig. 1c).
It is important to mention that pores with a volume smaller than
0.0065 pm?® (diameter of approx. 0.12 pm) will be removed from
the analysis. This is a result of the optical diffraction limit of the
confocal microscope used, combined with the post-processing
step to remove small artefacts. Following Gostick’s workflow, the
segmented images were used to calculate an Euclidean distance
map (Fig. 1d). For each pixel/voxel in the pore, the software
calculated the distance to the closest ‘fiber pixel/voxel’. The
distance map was used as input for a watershed transformation
(Fig. 1e). This algorithm identifies local maxima within the pore
region and divides the pore into segments containing a single
local maximum. In other words, the pores detected in the
segmentation step are divided into sections in the region where
the pores show a (local) minimum in the diameter. This local
minimum in the diameter of the pore is designated by the throat
and is represented by the white/red lines in Fig. 1d and e,
respectively. For each section in the pores, we calculated several
parameters, namely maximum pore diameter, throat diameter
and pore connectivity (Fig. S1, ESIt). The cyan circles in Fig. 1e
represent the maximum diameter in each section of the pore. In
addition to the local pore properties, the porosity of the 3D
volume image was determined by calculating the percentage of
‘pore pixels/voxels’ in all intensity-based segmented images. The
software provided in the link above allows for analysis of 2D and/
or 3D datasets. Our software package also includes the possibility
to visualize the calculated parameters in different forms (histogram,
CCDF, violin distribution) and rendering the 3D models of the
polymer network.

2.6. Cell proliferation

HeLa cells cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Merck) with 10% fetal bovine serum (Merckx), 1%
GlutaMAX™ (Thermo Fisher, Gibco®) and 0.1% Gentamicin
(Carl Roth GMBH). The cells were kept in a controlled atmo-
sphere (humidified, 5% CO,) at 37 °C.

For cell passage and sample preparation, HeLa cells were
resuspended using 0.05% trypsin (Thermo Fisher, Gibco®) for
5-10 minutes at 37 °C. Cells were encapsulated in PIC-based
hydrogels by mixing freshly made PIC solution in DMEM with
suspended HelLa cells, to a final density of 10> cells per mL. All
manipulations were conducted on ice to prevent gel formation.
After mixing, the PIC/cells solution was pipetted into a 96 well
plate (Thermo Scientific™) and left at 37 °C for 15 minutes
to ensure gel formation. After gelation, pre-warmed DMEM
was gently added on top of the hydrogel and the cells were
incubated for 7 days at 37 °C (humidified atmosphere, 5% CO,).

Cell proliferation was determined using a methylthiazolyl-
diphenyl-tetrazolium bromide (MTT) colorimetric assay (Acros
Organics), according to the manufacturer’s instructions.
Briefly, a fresh stock solution of MTT (4 mg mL~ ") was prepared

This journal is © The Royal Society of Chemistry 2020
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using 1x Hanks’ Balanced Salt Solution (HBSS). MTT was
added to each well to a final concentration of 1 mg mL . After
the addition of MTT, the plate was incubated for 1 hour in a
controlled atmosphere, at 37 °C (humidified, 5% CO,). Before
measuring, 50 pL of the media was removed and replaced with
dimethyl sulfoxide (DMSO, Merckx) to induce cell lysis. After
15 minutes of incubation, the absorbance was read at 570 nm
using a plate reader (Tecan). All conditions were prepared and
measured in triplicate.

3. Results and discussion

3.1. Polymer synthesis and mechanical characterization

PIC polymers were synthesized using a nickel(u)-catalyzed
polymerization reaction following well-established protocols.”®?*°
The polymer was functionalized to incorporate a fluorescent dye
by introducing a small fraction of azide (N3) containing mono-
mers (3.3% ratio, see Fig. 2). PIC polymers of different molecular
weights were prepared to study the influence of the polymer
length on the hydrogel architecture. The mechanical properties
of the hydrogels formed using different concentrations were
evaluated using standard rheometry (Fig. S2, ESIf, data sum-
marized in Table S1). In line with earlier results,*® we find that
increasing the polymer concentration or the polymer length
increases both the stiffness (storage modulus G’) of the gel as
well as the critical stress g.. The latter parameter is defined as
the stress onset for strain-stiffening, where the gel stiffness can
increase many times upon further deformation, a process
typically found in semi-flexible fibrous hydrogels.** Indepen-
dent variation of polymer length and concentrations allows us
to make hydrogels of different composition, but similar
mechanical properties (e.g. S1 and LO05).

e

Fig. 2 Structure of fluorescently labelled PIC polymers. (a) Schematic
illustration of the helical structure of the polymer backbone. (b) Chemical
structure of PIC polymers. Colour coding: dark blue, the stiff helical
polyisocyanide backbone stabilized with the hydrogen-bonded dialanyl
group; orange, the ethylene glycol substituent 'tails’; green, the fluorescent
label added to the N3 function. (c) The chemical structure of the DBCO-
TAMRA dye used is depicted in green.

Soft Matter, 2020, 16, 4210-4219 | 4213
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3.2. Structural characterization using fluorescence
microscopy

To image the structure of PIC-based hydrogels with fluorescence
microscopy, the polymer chains were labelled with a fluorescent
marker using copper-free click chemistry. More specifically, the
N;-functionalized polymers were labelled using 5-carboxytetra-
methylrhodamine (TAMRA) conjugated to dibenzocyclooctyne-
amine (DBCO, Fig. 1c) in Milli-Q water. After conjugation, the
polymer solution was heated to 25 °C to form the TAMRA-PIC
hydrogel and its fibrous architecture was visualized using confocal
fluorescence microscopy (more details in the Methods section). As
depicted in Fig. 3 and 4, PIC-based hydrogels displayed a highly
heterogeneous structure, where PIC fibers were interconnected in
a branched 3D network. This resulted in a very porous structure,
with pores reaching sizes in the micrometer range. While similar
fiber architectures have been observed in collagen- or fibrin-based

View Article Online
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gels,>*> most synthetic polymers display a more uniform and
dense network. Using fluorescence imaging we were able to show
that PIC-based gels, albeit synthetic, mimic the architecture of
naturally occurring hydrogels. Most likely, this is related to the
fibrous nature and high persistence length of PIC polymers,
unique when compared to other synthetic polymers.®

To provide a quantitative description of the fiber architecture,
the fluorescence images acquired were analysed using customized
software developed in-house (details in the Experimental section).
Briefly, the fluorescence images were segmented into ‘pores’ and
‘polymer fibers’. Following Gostick’s workflow,*® the segmented
images were used to calculate an Euclidean distance map which
was used as input for a watershed transformation (Fig. 1e).

Previous algorithms have determined the pore size by maxi-
mizing the coverage of the pores region with circles or spheres
(bubble analysis).>**” From the distribution of the radii, it is
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Fig. 3
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Influence of polymer concentration on fiber architecture. (a—c) Representative fluorescence images of labelled long PIC polymers at the

concentrations of 1 mg mL™%, L1 (a), 0.5 mg mL™% LO5 (b) and 0.25 mg mL™%, L025 (c). The insets on the lower left corner are magnified images of the
region indicated by the white square. (d—f) Schematic representation of the pore diameter (spheres) and connectivity (sticks) in 3D of L1 (d), LO5 (e) and
L025 (f). (g) Distribution of the pore diameter of the different hydrogels. (h) Distribution of the throat diameter of the different hydrogels. (i) Distribution of
the pore connectivity in different hydrogels. The black lines indicate the median values of the distribution.
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Influence of polymer length on fiber architecture. (a and b) Representative fluorescence images of labelled long (a) and short (b) PIC polymers at

the concentrations of 0.5 mg mL™* (S05 and LO5, respectively). The insets on the lower left corner are magnified images of the region indicated by the
white square. (c and d) Schematic representation of the pore diameter (spheres) and connectivity (sticks) in 3D of SO5 (c) and LO5 (d). (e) Distribution of
the pore diameter, throat diameter and pore connectivity in the different hydrogels. The black line represents the median value of the distribution.

possible to retrieve the average radius of the pores. In our
analysis, the pore diameter is obtained directly from the
calculated distance map after the watershed transformation.
This makes the algorithm very time efficient and yields more
accurate results. For porous networks, the bubble analysis
algorithms includes several circles/spheres in the same pore
while using the watershed-method the elongated pores are not
oversampled (comparison of the methods in the Supporting
Note on image analysis, ESIT). Furthermore, in addition to the
pore diameter, the algorithm we developed calculates the pore
connectivity and throat diameter, which cannot be obtained
with other methods. In this manuscript, our quantitative
hydrogel architecture analysis was used to investigate the
influence of polymer concentration and molecular structure
on the fiber architecture of the resulting hydrogels, allowing us
to link changes in architecture directly to changes in cell
behaviour.

3.3. Influence of polymer concentration

In the first set of experiments, we investigated the influence of
polymer concentration on the architecture of the 3D network.
We compared three different concentrations: 0.25 mg mL™?,
0.5 mg mL ' and 1 mg mL™ ", for both short and long polymers
(samples designated by S025/S05/S1 and L025/L05/L1, for short
and long polymers, respectively). Note that at higher PIC
concentrations (2 mg mL "), it was not possible to distinguish
the polymer fibers from the pores due to the limited spatial
resolution of optical microscopy (Fig. S3, ESIT).

Fig. 3 shows the results obtained from the gels of the long
polymers. The fluorescence images exhibited a clear difference
between the different concentrations. Segmentation of the

This journal is © The Royal Society of Chemistry 2020

acquired images revealed a porosity of 68 £ 4%, 56 + 4%
and 41 £ 6%, for L025, LO5 and L1, respectively (mean =+ std,
data shown in Fig. $4, ESIt). The porosity of polymer architecture
affects the growth and penetration of cells in hydrogels,** >’
which explains the increasing efforts to generate such porous
materials, based on techniques like solvent casting/particle
leaching, freeze-drying, gas foaming and electrospinning.’”
PIC-based hydrogels are intrinsically very porous, which makes
them very attractive for application in 3D cell culture.

A quantitative analysis of the fiber architecture in the
different gels show that with decreasing concentration, the pore
diameter increases (mean =+ std, 1.8 £ 0.5 um, 2.6 £+ 0.5 um and
3.7 £ 1.6 um, for L1, LO5 and L025, respectively) as does the
mean diameter of the throat (1.0 + 0.6 um, 1.4 £+ 0.7 pm and
1.9 £ 1.2 um, for L1, LO5 and L025, respectively). The broad
distribution of both parameters is a result of the high hetero-
geneity of the fiber architecture.

Earlier obtained cryoSEM images showed pores with a more
uniform size and overall a less heterogeneous architecture on a
sub-diffraction scale.*® This imaging method provides an image
of the surface of a material. However, for porous materials,
the subsurface region is also imaged. The cryoSEM images of
PIC-based hydrogels show the polymer bundles presented at the
surface and subsurface of the material, and quantification of
the pore size is not possible. The difference in results between
the electron and fluorescence microscopy data highlights the
challenges associated with characterizing these highly porous
materials and that it is crucial to study them in situ and to develop
efficient software for parameter extraction.

While the mean pore diameter only shows a twofold increase,
the overall architecture of the PIC-polymer fibers in L1, L05 and

Soft Matter, 2020, 16, 4210-4219 | 4215
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L025 is very distinct (Fig. 3a-c). To further quantify the differences
observed in the fiber architecture of the different hydrogels, we
analyzed the pore connectivity of the polymer network. Here, the
connectivity of a given pore is defined by the number of pores in
contact in this pore. The network connectivity is described by the
distribution of the connectivity of each pore. For unconnected,
isolated pores, the mean network connectivity is 0; higher con-
nectivity values indicated a more branched network (Fig. S1, ESIt).

For the gels with a polymer concentration of 1 mg mL ™,
7.9% of the pores were isolated, i.e., surrounded by polymer
fibers in all directions and presented an almost spherical
shape. This number decreased to 0.7% for the lowest concen-
tration (0.25 mg mL™"). From 1 to 0.5 mg mL ™", the median
connectivity increases from 3 to 5. From 0.5 to 0.25 mg mL ™,
the median connectivity remains 5, but there are some pores with
very high connectivity (>20 connections). As the concentration
decreases, the higher porosity of the network is translated into a
higher connectivity of the calculated pores. The data acquired
with the short polymers yields similar results (Fig. S5 and Table S1,
ESIt). The decrease in the overall diameter of the pores indicates
that increasing the concentration of PIC polymers leads to an
increase in density of polymer bundles instead of an increase of
polymer chains per bundle. This is in agreement with previous
SAXS experiments,”® where changing the polymer concentration
did not change the thickness of the polymer bundles.

The high connectivity and pore diameter make PIC-based
hydrogels an interesting candidate for tissue engineering appli-
cations, for instance for bone regeneration, where intercon-
nected micropores with 1-10 pm diameter were found to
stimulate the formation of cell-rich mineralized tissue.*

3.4. Influence of polymer length

When comparing the architectures of gels that were prepared
from polymer of different lengths but at the same concentration
(Fig. 4 and Fig. S5, ESIt), we find remarkably small differences in
pore size, throat diameter and connectivity, certainly much
smaller than the effects that we observed after changing the
concentration. This result comes as a surprise, since the
mechanical properties of gels from different length PICs strongly
depend on the molecular weight/polymer length. In fact, earlier
work showed that the shear modulus G’ scales with L> where L is
the contour length of a single polymer.> Also in this work, we
found much higher stiffnesses for the long polymer hydrogels.
How can such large differences in mechanics be consistent with
such similar architectures?

The answer must lie in the architectural differences at the
nanometer scale. Since the length of the polymers used in this
study is between 145-229 nm, the rheological properties of the
hydrogels are most likely determined by the bundle structures
at this length scale. SAXS experiments of gels of shorter polymers
revealed that they form bigger bundles that are less effective in
carrying mechanical load, thereby reducing the modulus. These
structures, however, seem to assemble analogously at the micro-
meter length scale, which accidently opens up a unique opportunity
to truly study the mechanical effects of cell cultures in gels that are
compositionally as well as architecturally virtually identical.
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Recently, Kouwer’s group has shown that the mechanical
properties of PIC-based gels influence the spreading of adipose
derived stem cells.*® In that report, gels of the same concen-
tration but different composition, i.e., formed using polymers
with different length, were used. The authors concluded that
nonlinear mechanics influence cell proliferation: gels with a
higher critical stress induce cell growth. However, the effects of
the structural parameters were not investigated.

3.5. Influence of fiber architecture on cell proliferation

To study the influence of structural properties on cellular
proliferation, HeLa cells were encapsulated in PIC hydrogels.
Previous studies have shown that HeLa cells can proliferate in PIC
hydrogels and that the proliferation rate is similar for gels with and
without arginylglycylaspartic acid (RGD), an adhesive peptide that
binds to integrin molecules present in the plasma membrane.*’

Cell proliferation in RGD-free PIC-based hydrogels was
measured using the MTT assay (details in the Experimental
section). As shown in Fig. 5, proliferation of HeLa cells in PIC
hydrogels was lower than on plastic, for all samples. This result
is in agreement with previous reports which indicate that softer
materials lead to an decrease in cell proliferation.**™**

For gels with the same composition (short or long polymers),
the proliferation is higher at lower concentrations (L025 > L05 >
L01 and S025 > S05 > S1). This indicates that the higher porosity
of the hydrogel at lower concentrations, ie., larger pores
and higher connectivity, enhances cell proliferation. It is worth
mentioning that encapsulation of HeLa cells results in a reduction
of the pore size. While the median value of the pore size in PIC-
based gels was found to be 1.8, 2.6 and 3.7 um, in PIC gels with
encapsulated HeLa cells the median values of the pore diameter
decreased (1.55, 2.0 and 2.9 pum, for 1.0 mg mL™", 0.5 mg mL ™"
and 0.25 mg mL ™", respectively — see Fig. S9, ESIt). The volume
occupied by the cells decreases the available volume of the
polymer solution, and consequently leads to a decrease in the
pore size. Furthermore, the presence of salts and other molecules
in the cell medium might also affect the formation of the polymer
bundles and consequently alter the architecture of the hydrogels.
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Fig. 5 Proliferation of Hela cells in RGD-free PIC-based hydrogels. Cell
proliferation was measured using the MTT assay, 7 days after encapsulation
(initial cell density: 10° cells per mL).
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Other trends on cell proliferation can be observed. In hydrogels
with a similar initial stiffness, the proliferation rate is higher in a
more porous network - for instance, cells encapsulated in S1
hydrogels grow slower than those in L025 hydrogels (cell-free

" =340 Pa, c = 1 mg mL ' and cell-free G' = 10.8 Pa, ¢ =
0.25 mg mL ™", respectively). In addition, in gels with the same
concentration, ie., similar structure, proliferation seems to be
higher in gels with a higher initial stiffness - for instance, cell
proliferation is higher in L025 when compared with S025 (cell-free

"=10.3 Pa and cell-free G’ = 0.8 Pa, respectively). When evaluating
the possible effect of stiffness in cell proliferation it should be
noted that cell encapsulation might affect the bulk mechanical
properties of the hydrogel. More important, cellular growth
and proliferation might change these properties locally, in the
network surrounding the cells. The relation between cells and the
mechanical properties of their surrounding matrix is highly complex
and not the goal of this study. Apart from the influence of the
mechanical properties, the results presented here show that struc-
tural features play an important role in guiding cellular behavior.

4. Conclusions

Fluorescence microscopy offers the possibility to image struc-
tural properties of (biomimetic) hydrogels at the subcellular
length scale. Moreover, as optical imaging techniques can be
performed at environmental conditions, these methods are
compatible with live cell imaging. Characterization of the
structural properties however requires suitable analysis algo-
rithms. Here, we developed custom analysis software to
perform a network analysis of 3D fluorescence images. Our
analysis approach can be broadly used to map out the archi-
tectural features of other fibrillar hydrogels.

As a model system, we used PIC-based hydrogels, a new class
of biomimetic materials that forms fibrous hydrogels. Our
analysis revealed that PIC-based hydrogels present a highly
heterogeneous structure, with pores an average pore diameter
of 1.8 to 3.7 um. Furthermore, our results show that a decrease
in the concentration of the polymer led to an increase in the
diameter or the pores and a higher connectivity, in particular
for low concentrations (¢ = 0.25 mg mL ™). The polymer length,
which contributes strongly to the gel stiffness has a negligible
effect on the micrometer-scale fiber architecture of the hydrogel.
This implies that PIC-based hydrogels with different polymers but
the same polymer concentration will have different mechanical
properties but similar structure. Consequently, these hydrogels
can be used to investigate the influence of mechanical properties,
independently of structural features, and vice versa.

The decoupling of physical cues that influence cell behavior
is extremely difficult. In the example of this manuscript, we
find that in gels with larger, more connected pores (but with a
similar cell-free stiffness), HeLa cell proliferation is enhanced.
Our freely available software is an excellent tool to provide good
quality architectural properties that, together with analysis of
other physical other cues (stiffness, relaxation, strain-stiffening,
etc.) provides a comprehensive overview of the ECM properties.

This journal is © The Royal Society of Chemistry 2020
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