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Engineering Anisotropic Cell Models: Development of
Collagen Hydrogel Scaffolds with Magneto-Responsive PEG
Microgels for Tissue Engineering Applications

Ana L. Castro, Sitara Vedaraman, Tamds Haraszti, Mdrio A. Barbosa,

Raquel M. Gongalves, and Laura De Laporte*

Mimicking tissue-oriented organization in vitro has been extensively studied
in recent years, using both natural and synthetic materials in combination
with external magnetic fields to establish anisotropic conditions. Here, a new
combination between magneto-responsive anisometric PEG microgels and
collagen hydrogels is explored to establish anisotropic in vitro models.
Different sizes of PEG microgels are tested to assess the impact of both width
and aspect ratio on the formation and alignment of collagen hydrogels.
Results show that the key properties of collagen hydrogels, regarding
fibrillogenesis, rheological properties, and fiber diameter are kept consistent
upon the combination with PEG microgels. Furthermore, partial collagen fiber
alignment is observed when larger (width 10 um) PEG microgels are
employed and magnetically aligned. In vitro studies show cell alignment
within the anisotropic collagen hydrogels from the first day in culture.
Interestingly, PEG microgels with higher width and length tend to induce less
hydrogel contraction even after 7 days in culture. The results demonstrate the
ability to establish a 3D unidirectional collagen hydrogel by magnetically
aligning anisometric microgels during the gelation process, which can be
promising for different tissue engineering applications.

1. Introduction

Collagen type I (Col I) is the major or-
ganic component of the extracellular ma-
trix (ECM) of mammalian tissue.'! To-
gether with other ECM molecules, this
protein has an important structural ac-
tion for growth and support of cells, play-
ing a relevant role in different physio-
logical processes.!3] Col 1 acts as an
attractive protein for tissue engineering
both due its biocompatibility, biodegrad-
ability, and antigenicity, but also due to
its ability to self-assemble and generate
hydrogels.[>! Indeed, Col I hydrogels
have been broadly used for different ap-
plications in tissue engineering, either
alone or in combination with other ECM
proteins/constituents and biomaterials,
as they show great results as support for
3D cell culture.[6-#]

Inrecentyears, in vitro models have fo-
cused on providing a microenvironment
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to support cell growth that beside having a 3D structure, also
mimic features of the in vivo architecture.[! Each tissue has a spe-
cific architecture, particularly regarding Col I anisotropy. Tissues,
such as tendon, intervertebral disc, muscle, and others, present
a specific microarchitecture composed of oriented Col I fibers,
which has an impact on tissue homeostasis concerning structural
and cellular processes.!’]

Several strategies have been developed to recreate the nat-
ural anisotropy observed in collagenous native tissues in an
in vitro environment, which have been extensively reviewed
elsewhere.*1112] These strategies include biomaterial process-
ing techniques, such as extrusion, freeze-drying, electrospin-
ning, magnetic alignment, flow-induced orientation, among
others.'*"'l Electrospinning-aligned collagen nanofibers has
been proposed for different applications in wound healing, bone
mineralization, and nerve tissue regeneration.['*-20] Here, an ad-
ditional crosslinking step is often needed to overcome the reduc-
tion of pore size due to dense packing of aligned collagen fibers,
impairing cell proliferation within the scaffold.[?!] Moreover, col-
lagen denaturation has been reported upon electro-spinning, im-
pairing its fibrillar structure.??l On the other hand, for several
decades, extrusion techniques have been successfully used to
produce aligned collagen scaffolds, due to its ease and possibil-
ity of scale up, with applications in bone and tendon regenera-
tion, ligament replacement, and wound healing.[*2324 Despite
the recent advances on the combination of 3D printing with ex-
trusion, this approach still presents limitations regarding produc-
tion time and cell mortality.[*]

Magnetic alignment techniques have risen interest in recent
years as they can overcome some of the most common draw-
backs associated with the previously mentioned strategies, in-
cluding reduced fibril formation and cell infiltration. To achieve
anisotropic scaffolds, magnetic nanoparticles (e.g., iron nanopar-
ticles) have been used together with a Col I solution to accom-
plish fibril alignment under an external magnetic field, both
for cartilage and nerve regeneration.[?>2! Anisotropy induced by
magnetic approaches has shown promising results, albeit higher
amounts of iron nanoparticles might lead to cell cytotoxicity.!?”]
In this context, magnetic-responsive, rod-shaped microgels have
been used to overcome this drawback, using poly(ethylene gly-
col) (PEG) and fibrin as surrounding hydrogels.!?*-3% Briefly, a hy-
brid hydrogel, named Anisogel, has been established where uni-
directional microgel orientation is accomplished in the presence
of an external magnetic field (100 millitesla) by incorporating
small amounts of superparamagnetic iron oxide nanoparticles in-
side PEG microgels during their production.[*) This methodol-
ogy has been thoroughly characterized in prior publications, >3]
including analysis on inter-microgel distances depending on
the microgel dimensions and amount (Figure 1B), and its suc-
cessful application in various surrounding hydrogels.[?#-32] The
anisotropy achieved by the aligned microgels is secured upon
crosslinking of the surrounding hydrogel with cells encapsulated
in 3D microenvironment.

The current work aims to develop a collagen-based Anisogel
(collagen-Anisogel), using Col I as the surrounding hydrogel for
the oriented PEG microgels (Figure 1A). We hypothesized that
the proposed construct would provide anisotropy to growing cells
in 3D, while microgel orientation would influence the proper-
ties of the Col I hydrogel. Therefore, bovine Col I was combined
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with PEG microgels of different size combinations (cross-section
(width) and length). Collagen fiber formation, diameter, and ori-
entation were analyzed, together with the hydrogels’ mechani-
cal properties and the behavior of human dermal fibroblasts in
collagen-Anisogels.

2. Results and Discussion

2.1. Turbidimetric Profile of Non-Oriented Collagen-Anisogel
Formulations

Collagen’s characteristic fibril features are possible due to a
mechanism of nucleation and growth. Initially, self-assembly of
collagen molecules occurs by aggregation to form nuclei and
later these nuclei grow into fibrils, in a process called fibrillo-
genesis, evaluated using turbidimetric assays.?334 Turbidimetric
analysis was used to monitor fibrillogenesis of collagen-Anisogel
formulations, without inducing magnetic orientation, to ana-
lyze the effect of the microgels’ presence (Figure 2A). PEG mi-
crogels were prepared using in mold polymerization, as previ-
ously described,?!l and combined with collagen solution prior
to cross-linking. The different microgels sizes and concentra-
tions tested are described in Figure 1B. Results obtained were
grouped for microgels with the same width and presented as ab-
sorption (405 nm) versus time (Figure 2A1). They showed that
absorbance increased with time, indicating fibril formation in
the collagen-Anisogel formulations. To study the influence of
microgel dimensions and concentrations in fibrillogenesis, the
time required for initiation and completion of fibrils was mea-
sured (Figure 2A2). For all the tested formulations, the turbidi-
metric curves observed exhibited a sigmoidal shape, separated
in three different stages: initial lag-phase, growth phase, and a
plateau, reached after the formation of the hydrogel in an equi-
librium of absorbance values.?*3] Importantly, no distinct poly-
merization kinetics were observed between the collagen control
and collagen-Anisogel formulations, which suggests the absence
of alterations in fibril formation and growth mechanisms upon
combination with PEG-pgels,3?! with median lag times ranging
widely from 20.2 to 34.2 min. Formulations with smaller widths
(2.5 and 5 um) showed an increase on final A405 values compared
to the collagen control, possibly related to the higher amount of
PEG microgels (calculated previously!®"l) within the formulation.
In general, the absorbance spectra showed that the addition of
PEG microgels, independently of their size and concentration,
preserved collagen’s fiber formation.

2.2. Rheological Properties of Non-Oriented Collagen-Anisogels

To investigate possible alterations in basal collagen mechani-
cal properties by the combination with PEG-ugels, rheological
studies were performed. The storage and loss modulus of the
collagen-Anisogel formulations were measured upon in situ gela-
tion at 37 °C for a period of 45 min. The storage modulus after
reaching the plateau at the end of the analysis of each formulation
is presented in Figure 2B, grouped for microgels with the same
width. For the control group (collagen alone formulation), the
storage modulus observed was 136 + 13 Pa. The median storage
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Figure 1. A) Schematic representation of the experimental setup. B) Microgel’s sizes description for all formulations evaluated. C) (C1) Schematic
representation of the orientation of collagen fibers surrounding the microgels, which were analyzed analysis using Orientation ). (C2) Example given

with fiber orientation analysis on confocal reflection microscopy images.

modulus of the different collagen-Anisogel formulations ranged
from 95 + 53 to 314 + 190 Pa, with no statistically significant dif-
ference between formulations and the control group. These data
demonstrated that the addition of PEG microgels does not sig-
nificantly impact the hydrogel’'s mechanical properties, in non-
oriented conditions, as similar stiffnesses were observed among
all the formulations tested. Previous work on rheological studies
of PEG hydrogels upon PEG microgels incorporation have also
reported similar storage moduli between the control and Aniso-
gel groups.3!l

2.3. Collagen Fiber Diameter Characterization in
Collagen-Anisogels
As the collagen macroscopic properties were not altered with dif-

ferent PEG-ugel dimensions and concentrations, we probed the

Adv. Mater. Technol. 2024, 9, 2301391 2301391 (3 O‘F'|2)

microscopic alterations after magnetic microgel orientation in-
side collagen-Anisogels. Microgel alignment was observed along
the magnetic field lines within the collagen hydrogels (Figure
S1, Supporting Information). This is similar to previously re-
ported Anisogels that were formulated with a surrounding fib-
rin hydrogel stabilized by Ca2+ ions!?®) or PEG hydrogel that
are enzymatically crosslinked.[3?) Next, we assessed the influ-
ence of aligning PEG-ugels inside the collagen solution during
gelation on the collagen fiber diameters. This can be achieved
using confocal reflectance microscopy (CRM) where the colla-
gen fibers are reflected using 488 nm laser, a popular tech-
nique to visualize collagen structures.?®l A series of images
of collagen control and collagen-Anisogels, both in oriented
and non-oriented conditions, were captured at high magnifica-
tion for fiber visualization (Figure 3). As PEG-ugels were also
reflected, as observed in Figure 3, before proceeding to di-
ameter and orientation evaluation, all images were corrected
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Figure 2. Collagen-Anisogels formulations characterization in non-oriented conditions. A) Fibrillogenesis analysis of collagen-Anisogels formulations:
A1) Polymerization Kinetics profiles; A2) Lag Time evaluation for different formulations. Data presented using bar graphs, with median and interquartile
range. B) Rheological properties of collagen-anisogels. Data presented using box plot. with median and interquartile range.

in Fiji software to remove the artifacts caused by the PEG
microgels.

Fibers’ diameters were analyzed to evaluate alterations in the
presence of oriented PEG-pgels. A script was designed to evaluate
the thickness of the fibers using python. Diameters were calcu-
lated by measuring the pixels from the CRM images and grouped
considering diameter ranges of 0-400, 400-800, 800-1200, and
1200 nm and above. Figure 4A shows the representation of the
collagen control and all collagen-Anisogels tested, grouped again
by microgel width.

Starting with the 2.5 ym wide microgels, no differences were
observed between the collagen control and collagen-Anisogels
for the smallest fiber diameters. When looking into diameters
ranging from 400 to 800 nm, we observed a significant de-
crease in the fiber diameter in 0.6 vol.% 2.5 X 2.5 X 50 um
microgels condition. Interestingly, this condition showed a

Adv. Mater. Technol. 2024, 9, 2301391 2301391 (4 Of12)

tendency for enabling fibrils with larger diameter fibers
(>1200 nm).

Looking into the 5 um wide microgels, for the longer length
(5 X 5 x 100 um microgel condition), we observed a similar
trend compared to the collagen control for all diameter ranges.
For the other tested conditions within this group, a tendency
for higher frequency in smaller diameters (<400 nm) and a de-
creased frequency in intermediate diameters (400 to 800 nm) was
observed, when compared with collagen control. However, sta-
tistically significant differences were only observed for 1.5 vol.%
5% 5 x 25 um microgels condition. For the larger fiber diameters
(>800 nm), no differences were observed between the collagen
control and collagen-Anisogels.

Regarding the 10 um wide microgels, the 1 vol.%
10 x 10 x 200 pym microgels condition showed significant
alterations in fiber diameter, compared to the collagen control,

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWIIOD BA e8I 3|t jdde aup Aq peusenob ke ss[ole VO ‘88N Jo seini Joj Aiq)T 8UlUO 48]/ UO (SUOIPUOD-PUB-SULIBY W00 AB | 1M AlRIq 1 Bul [UO//:SdNY) SUORIPUCD pue SWS | 8y} 885 *[202/80/20] Uo ARiqiTauliuo A8 (1M YRUIO!GIqINUOSYIOH Usydey Uimy Aq T6ETOEZ0Z IWIPe/Z00T 0T/I0p/wod A8 | im Afeiq1juljuo//Sdiy Wwolj pepeojumod ‘g ‘v20z ‘X60.S9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

BRIGHTFIELD CRM CRM
ORIENTED

ORIENTED NOT ORIENTED

Not
Applicable

COLLAGEN
CONTROL

0.45 vol% 2.5x2.5x25 pm

2.5 yM WIDTH

0.6 vol% 2.5%2.5%50 pm

Fx

1 vol 10x10x100 pm

o

10 y M WIDTH
2vol% 10x10x100 pm

1 vol% 10x10x200 pm

U

www.advmattechnol.de

BRIGHTFIELD CRM CRM

ORIENTED ORIENTED

NOT ORIENTED

0.5vol% 5x5x25 um

15vol% 5x5x25 um

. . |

5 uM WIDTH
1volY% Ex5x50 pm

2vol% 5x5%50 um

1vol% 5x5x100 pm

Figure 3. Fiber characterization in collagen-Anisogels. Representative brightfield and confocal reflectance microscopy images for collagen control and
tested conditions of collagen-Anisogel both with and without magnetic stimuli. White arrows indicate the direction of the magnetic field and PEG

microgels. Scale bar: 25 um.

namely with an increase in <400 nm diameter and decrease in
400-800 nm. The other two conditions, both with a length of
100 um, showed structures similar to collagen control for all the
fiber diameters analyzed. Overall, by comparing with collagen
control, the significant alterations mainly involved an increase in
thinner fibers (diameter <400 nm) accompanied by a decrease
in middle size diameter (diameter between 400 and 800 nm), as
seen in 1.5 vol.% 5 x 5 X 25 um and 1 vol.% 10 x 10 x 200 ym
microgels conditions. For 0.6 vol.% 2.5 X 2.5 X 50 um microgels
condition, a decrease on middle size diameter and a tendency for
an increase of larger fibers (diameter >1200 nm) was observed.
Previous studies using combinations of collagen and other bio-
materials have shown alterations in fiber diameter. For instance,
when combining a high chondroitin sulfate concentration
with collagen, increase or decrease in fiber bundling has been
reported.’”] The impact of fiber diameter on cell morphology

Adv. Mater. Technol. 2024, 9, 2301391 2301391 (5 O‘F'|2)

has been analyzed as well in previous studies. For example,
in poly Lactic-co-Glycolic Acid (PLGA) meshes cultured with
NIH3T3 fibroblasts, an increased fiber diameter (>1400 nm) was
shown to enhance aspect ratios and projected cell areas, while
cells cultured in meshes with smaller fiber diameters (<400 nm)
exhibited reduced cell spreading.*®! Additionally, the impact of
fiber diameter on human dermal fibroblasts has been assessed in
electrospun bioresorbable poly(desamino tyrosyl-tyrosine ethyl
ester carbonate) scaffolds, showing that smaller fiber diameters
(=600 nm) exhibited less focal adhesion complexes compared to
larger diameters (>2000 nm). The increased diameters also al-
lowed for higher long-term (above 2 weeks) cell proliferation.*!
As most of the tested collagen-Anisogels retained the diameter
profile similar to the collagen control, the addition of PEG
microgels is likely to not affect the collagen hydrogel function
during 3D cell culture.
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Figure 4. Collagen fiber characterization under oriented conditions. A) Diameter analysis regarding microgel cross-section. Data presented using bar
graphs. with median and interquartile range. Kruskal-Wallis followed by Dunn’s comparisons test was performed, “p < 0.05; “*p < 0.01. B) Orientation
analysis. B1) Orientation characterization of collagen fibers compared to microgel alignment. B2) Full Width at Half Maximum evaluation. Data presented
using bar graphs. with median and interquartile range.
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2.4. Collagen Fiber Orientation Analysis in Collagen-Anisogels

The Anisogel strategy has been extensively studied and charac-
terized regarding microgel dimensions and aspect ratio.[3%4°] In
collagen-Anisogels, collagen fiber orientation was evaluated, us-
ing CRM images analyzed with Orientation J, an established Fiji
plug-in. Figure 4B1 shows the orientation curves, from —90 to
90° for each width group and collagen control, with the direction
of microgel orientation normalized to 0°. CRM images showed
partial collagen fiber orientation along the magnetic field inside
the collagen-Anisogel for all microgel sizes. To evaluate the differ-
ences between the partial alignments in each collagen-Anisogel
and compare it to the random fiber orientation of the collagen
control, we conducted an isolated analysis of FWHM between the
maximum and minimum values for each condition (Figure 4B2).
Among the partially oriented collagen fibers, the microgels with
a larger width (10 um) showed the highest collagen fiber orien-
tation, with the small FWHM values (mean ranging from 18.67
to 23.75°) and no significant differences between the different
lengths were observed. The broad distribution was achieved with
the 2.5 um wide microgels exhibiting high FWHM, while 5 ym
wide microgels at 0.5 vol.% 5 X 5 X 25 um microgel condition
showed a higher FWHM (90 + 11.3°) however no statistical dif-
ferences were observed among conditions with longer or higher
density of microgels formulations, as also seen in Figure 4B1.
Interestingly, considering 5 pm wide microgels, specifically with
a 25 or 50 pm length, we observed a decreasing FWHM, there-
fore an increase in fiber orientation, when the concentration of
microgels is increased. These results were consistent with pre-
vious studies conducted by our group showing higher cell ori-
entation in Anisogel conditions with higher concentrations of
microgels.®!) Yet, such tendency was not observed in the case
of larger microgels (10 x 10 X 100 um, at 1% and 2%) inside
collagen-Anisogels, as both microgel concentrations showed low
FWHM values.

Comparing different microgels widths, results revealed thatan
increase in collagen fiber orientation, characterized by a smaller
FWHM was achieved with larger microgels with a width of 10 um
and lengths equal or larger than 100 um. This partial alignment
of the collagen fibers will act together with the oriented PEG mi-
crogels to provide anisotropy to the collagen-Anisogels. Neverthe-
less, caution should be taken as a full fiber orientation was never
achieved and discussion can only be done regarding partial ori-
entation.

2.5. Normal Human Dermal Fibroblasts Cell Behavior in
Collagen-Anisogels

Considering the results obtained so far, we performed cell in vitro
studies with three types of collagen-Anisogels, using the condi-
tions of: 0.6 vol.% 2.5 X 2.5 X 50 um (no collagen fiber orien-
tation), 1 vol.% 5 x 5 X 50 um (intermediate partial collagen
fiber orientation) and 2 vol.% 10 X 10 x 100 um (high partial
collagen fiber orientation). Figure S2 (Supporting Information)
illustrates the control evaluation for collagen fiber orientation in
collagen gels containing random microgels that were not mag-
netically aligned in the specified conditions, demonstrating no
collagen alignment. Normal human dermal fibroblasts (NHDF)
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were employed, as they are majorly producing and inhabiting in
collagenous tissue.[*!] Cells were encapsulated in these formula-
tions and cultured for 7 days. Collagen-Anisogels were analyzed
for culture periods of 1, 5, and 7 days.

At each time point, cell orientation was measured by stain-
ing the actin filaments in all samples. On visual inspection, the
actin micrographs (Figure 5A) showed cell orientation already
from day 1 for all the three collagen-Anisogels conditions, as
seen by the orientation distributions of the stained cytoskele-
ton (F-actin) (Figure 5B,C) and subsequent FWHM analysis
(Figure 5D). A clear distinction of cell orientation was observed
between the aligned collagen-Anisogels and collagen gels con-
taining non-aligned microgels for each condition after 1 day of
culture, as shown in Figure S3 (Supporting Information). At day
1, all collagen-Anisogels conditions showed significant reduced
FWHM values compared to collagen control (****p < 0.0001).
Moreover, collagen-Anisogel condition using 10 X 10 X 100 um
microgels appeared to induce a higher cell orientation compared
to smaller microgels (2.5 X 2.5 X 50 pm, p = 0.0869). With time
in culture (Figure 5D1), the 10 X 10 X 100 pm collagen-Anisogels
demonstrated consistency in providing cell anisotropy, always
showing significant differences to cells encapsulated in collagen
control regarding FWHM values (at day 1, ****p < 0.0001; at day
5, *p < 0.05; at day 7, **p < 0.01). 2.5 X 2.5 X 50 pm collagen-
Anisogels exhibited significant higher cell orientation compared
to collagen control (characterized by a reduced FWHM) only for
day 1 and day 7 (****p < 0.0001; and *p < 0.05, respectively).
Although 5 x 5 X 50 um collagen-Anisogels showed significant
alignmentat day 1 compared to collagen control, this was not con-
sistent with time in culture. Cell orientation results are accord-
ing to the orientation of the collagen fibers inside these collagen-
Anisogels (Figure 4B). When analyzing the behavior of the cells
in each collagen-Anisogel throughout time (Figure 5D2), we ob-
served a tendency for an increase of FWHM values with time,
and therefore a reduction in cell orientation. This increase was
more significant in 10 X 10 x 100 pm collagen-Anisogels (day
1 versus day 5, p = 0.063; day 5 vs day 7, **p < 0.01) and may
be due to the increased number of cells over time, which influ-
ences the cell material interaction causing strain-induced stiff-
ening in collagen-Anisogels. Moreover, cells sense collagen sub-
strate topography!*?! through mechanical forces and ECM inter-
actions, which might be influencing the cells’ ability to main-
tain their anisotropy. Further studies addressing the influence
of cell proliferation on their orientation and its mechanobiolog-
ical implication on collagen ECM should be conducted. Never-
theless, for 2 vol.% 10 x 10 x 100 um, cell orientation remained
more aligned than in the control collagen gel throughout the
period of culture, exhibiting the most favorable conditions for
establishing a stable long-term anisotropy in collagen-Anisogels
(Figure 5B-D).

Fibroblasts have been previously reported to align in
anisotropic conditions.** Efficient cell adhesion and pro-
liferation has been reported in a collagen/PEG hydrogel using
human fibroblasts.[*’] Similarly, our results demonstrated that
NHDEF cells efficiently grew within collagen-Anisogels, exhibit-
ing alignment with the unidirectional orientation of the PEG
microgels established during the initial gelation process and up
to 7 days in culture. Mimicking native cell anisotropy is a key
aspect for accurate design of in vitro models that recapitulate

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWIIOD BA e8I 3|t jdde aup Aq peusenob ke ss[ole VO ‘88N Jo seini Joj Aiq)T 8UlUO 48]/ UO (SUOIPUOD-PUB-SULIBY W00 AB | 1M AlRIq 1 Bul [UO//:SdNY) SUORIPUCD pue SWS | 8y} 885 *[202/80/20] Uo ARiqiTauliuo A8 (1M YRUIO!GIqINUOSYIOH Usydey Uimy Aq T6ETOEZ0Z IWIPe/Z00T 0T/I0p/wod A8 | im Afeiq1juljuo//Sdiy Wwolj pepeojumod ‘g ‘v20z ‘X60.S9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED ADVANGED
MATERIALS
SCIENCE NEWS TECHNOIOGIES
www.advancedsciencenews.com www.advmattechnol.de
2.5x2.5x50 pm 5x5x50 ym 10x10x100 pym CONTROL
Day 1
1.00
5 0.75:
- g
> g
x £
=) 0.25
0.00+
/ -90 -45 ] 45 90
Grade
— 25x25x50 — S5x5x50 — 10x10x100 — Control
Day 5
1.00
0.75:
0 g
£ 050
Z
(@) 025
f 0.00+
-90 -45 o 45 90
Grade
— 2525x50 — 5x5x50 — 10x10x100 — Control
Day 7
1.00
5 0.75:
N~ y g
o 5050
< 8
=) “ 025
0.00+
/ -90 -45 0 45 90
Grade
— 25x25x50 = S5x5x50 - 10x10x100 = Control
C 2,5x2,5x50 pm 5x5%50 um 10x10x100 pm Collagen Control
1.0 1.0 1.0 10
08 0.8 08 08 W
- % 2
£0s Eo.s £ 08 gos
E 04 E' 04 ;' 04 Zoa
0.2 0.2. 0.2 02
0.0+ 0.0+ 0.0+ 0.
-90 -45 0 45 90 -90 45 0 45 90 -90 -45 0 45 90 -90 45 0 45 90
Angle Angle Angle Angle
— Day1 — Day5 — Day7 — Day1 — Day5 — Day7 — Daylt — Day5 — Day?7 — Day1 — Day5 — Day7

D1
Full Width at Half Maximum Full Width at Half Maximum Full Width at Half Maximum
Day 1 Day 5 Day 7
150 ﬁh 150 . 150 ! f
125 ‘|’ 125 125
os00ses

2,5x2,5x50 5x5x50 10x10x100 CTRL

T T
2,5x2,5x50 5x5x50 10x10x100 CTRL

75 T 75
10 (iliinll :

-
flilal

T T
2,5x2,5x50 5x5x50 10x10x100 CTRL

D2
T Full Width at Half Maximum Full Width at Half Maximum Full Width at Half Maximum
2.5x2.5x50 pm 5x5x50 pm 10x10x100 pm
125 125 125 -
T
100 100 100 -
75 - 75 75
50 50 50
25 25 25 | |
0 : v . 0 v v - 0 . . .
Day 1 Day § Day 7 Day 1 Day § Day 7 Day 1 Day 5 Day 7

Figure 5. Fibroblasts (NHDF) behavior in collagen-Anisogels. A) Cell orientation in collagen-Anisogels through actin staining evaluation at day 1, 5,
and 7. White arrows indicate the direction of the magnetic field and PEG microgels. Scale bar = 100 um. B) Actin orientation characterization per day in
culture. C) Actin orientation characterization per microgel condition. D) Full Width at Half Maximum evaluation. Data presented using bar graphs. with
mean and standard deviation. Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test was performed, “p < 0.05, **p < 0.01, “**p <
0.0001.
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Figure 6. Cellular Hydrogels Analysis. A) Evaluation of hydrogel contraction. A1) Brightfield mosaic images of cellular hydrogels. B) Hydrogel contraction
analysis by area evaluation (B1); Detailed comparison at day 1 (B2) and day 7 (B3). For B2, ordinary one-way ANOVA test was conducted, with Tukey’s

multiple comparison, *p < 0.05. For B3, Kurskal-Wallis test was conducted, with Dunn’s comparison, “p < 0.05, ““p < 0.01.

tissue architecture and organization to resemble physiological
conditions.[*#’] In addition, these models are of interest to
understand disease models in anisotropic collagenous tissues,
which are sensitive to cellular forces and cell population, such as
in musculoskeletal and cardiovascular research, allowing for a
deeper understanding of the cellular alterations and for a better
therapeutics design, among others.[*349]

2.6. Hydrogel Shrinkage Evaluation upon Cell Culture

The collagen hydrogels experienced shrinkage due to stress-
induced matrix stiffening as expected in all hydrogels
conditions.’®3!l This was observed visually at macroscopic
level in Figure 6Al1. To comprehend the effect of PEG-pgels
in collagen-Anisogels, hydrogel contraction was evaluated by
measuring the area revealing a reduction to near 20% at day 7
compared to day 0 (Figure 6B1). No macroscopical differences
were observed when comparing shrinking between the collagen-
Anisogels and collagen gels with random microgels (data not
shown). At day 1 (Figure 6B2), the collagen control had a greater
area reduction compared to collagen-Anisogels (*,p < 0.05 for
5 X% 5 % 50 um; p = 0.0506 for 2.5 x 2.5 x 50 um; p = 0.0556
for 10 x 10 x 100 pm). At day 7 (Figure 6B3), there was a clear
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reduction in hydrogel contraction in 10 x 10 x 100 um collagen-
Anisogels compared to all other conditions, especially compared
to 2.5 X 2.5 X 50 uym (*, p < 0.05) and to collagen control
(**, p < 0.01), revealing that this condition not only promoted
long-term oriented cell growth, but also limited strain-induced
collagen contraction, which is often one of the key problems in
collagen-based biomaterials development.[>>3]

An improvement of the shrinkage process has also been re-
ported in a Col I hydrogel combined with PEG as a crosslinker,
for skin applications,>* however in our case the PEG microgels
were likely not covalently linked to the collagen. Tuning collagen
hydrogel shrinkage is of paramount importance for a better de-
velopment of in vitro models and implantable biomaterials, re-
garding cell culture time and therapeutic potential.[*! Indeed,
depending on the specific application, research has focused on
both restrain shrinkage, as in for muscle tissue engineering,*°!
and in increasing shrinkage, to develop denser tissues and better
resemble heart tissue.>®)

Collagen-Anisogels have shown not only to induce collagen
fiber orientation without impairing their mechanical properties,
but also demonstrated the potential of in vitro collagen-based
anisotropic models, allowing oriented cell growth and sustaining
celullar orientation for several days. In collagen-Anisogels with
larger microgels (10 x 10 x 100 um), low hydrogel shrinkage was
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also observed, while for smaller size microgels (2.5 X 2.5 X 50 um
and for 5 X 5 x 50 um) profound shrinkage was present, lead-
ing to opportunities for controlled collagen scaffold shrinkage
using Anisogel-based models. This technology, therefore, shows
promising opportunities in the bioengineering of in vitro func-
tional tissues. Anisotropic formulations, here applied with Col I,
are a key component of several organs in the human body, having
well-established oriented structures in homeostatic conditions in
several tissues, such as tendon, intervertebral disc, bone, among
others. Therefore, the collagen-Anisogels developed here can be
applied as a potential platform for different applications in tissue
engineering, ultimately contributing to a better comprehension
of anisotropic-related patho-mechanisms.

3. Conclusion

To our knowledge, this is the first study reporting an Anisogel
composed by PEG rod-shaped microgels and Col I as surround-
ing gel. Besides evaluating the orientation properties of the hy-
drogel, we started by evaluating the impact on the collagen fibril
when adding PEG microgels. Here, we demonstrated the main-
tenance of the key characteristics of collagen hydrogels consid-
ering fiber formation and mechanical properties. Moreover, we
explored different dimensions and concentrations of PEG micro-
gels to induce anisotropy by magnetically aligning the microgels
during collagen gelation and studied the effect of this alignment
on collagen fiber diameter and orientation. Microgels with larger
width and length showed promising results in regulating colla-
gen fiber orientation, without impairing fiber thickness. Human
fibroblasts oriented along the microgels and collagen fibers, es-
pecially for the larger microgels, which also led to a reduction
in hydrogel contraction, serving as a promising feature for fur-
ther experiments. Future studies will include deeper analysis on
other cell types and tissues, to recapitulate in vivo mechanisms
and diseases and reassuring the potential of collagen-Anisogels
as a platform for anistropic studies.

4. Experimental Section

Production of PEG Microgels: PEG microgels were prepared as previ-
ously described.[*"] Briefly, microgels were produced by an in-mold poly-
merization method. The mold was prepared by mixing polydimethylsilox-
ane (PDMS, Sylgard184, Dow Corning) with a thermo initiator (10:1 ratio),
followed by pouring the mixed solution on silicon wafers (AMO GmbH)
with different size patterns. The wafer with the liquid PDMS solution was
cured at 110 °C for 4 h, while the PDMS mold was peeled off the wafer af-
ter curing. Next, a prepolymer solution (20 wt.% PEG di-acrylate (PEG-DA,
Sigma Aldrich) and photoinitiator (Irgacure 2959, Sigma Aldrich) upon
sonication was diluted in 200 Da PEG-OH (Sigma Aldrich) with 400 ug
mL—1 SPIONs (EMG-700, Ferrotec)). The solution was poured on top of
the PDMS mold and laminated with a polyethylene terephthalate (PET)
foil (Goodfellow). By delaminating the PET film slowly, excess prepolymer
solution was removed. The mold with PEG-DA solution was then cured
in a nitrogen atmosphere for 60 min under UV light. Subsequently, the
molds were cut in smaller sizes and glued on glass slides using a 50%
polyvinylpyrrolidone glue (360 kDa, Sigma—Aldrich) layer, allowing the har-
vesting of the dried microgels by peeling the mold after 5 days at 37 °C.
Microgels were harvested by dissolving the dried glue in water, purified
multiple times in water by centrifugation, UV-sterilized, and disinfected
in 70% ethanol. Last, microgels were washed in PBS (Lonza), quantified
using a Neubauer chamber, and stored for a maximum of 4 weeks at 4 °C.
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Production of Collagen-Anisogels:  Type | collagen (Bovine skin, Sigma-
Aldrich) working solutions were prepared following the manufacturer’s in-
structions. Briefly, to achieve a 0.32 w/v% concentration, eight parts of col-
lagen G (Sigma-Aldrich) were mixed with one part of Dulbecco’s modified
Eagle medium (DMEM) and one part of deionized water. The final solution
was neutralized by adding 2 v/v% NaOH (1 m). When PEG microgels were
mixed within the collagen solution, the microgels were part of the one part
of deionized water, without altering the final collagen concentration and
maintaining the neutralization step. Different dimensions and concentra-
tions of PEG microgels were used leading to several collagen-Anisogels
formulations, as described in Figure 1B.

Analysis of Fibrillogenesis for Different Collagen-Anisogels Formulations:
The polymerization kinetics of collagen-Anisogels formulations were mea-
sured through a turbidimetric assay. The described collagen-Anisogels so-
lutions were prepared and neutralized as previously described and trans-
ferred to 96-well plates (glass bottom, Corning), which were previously
cooled to 4 °C to inhibit an early onset gelation. Plates were loaded into
a microplate reader (BioTek Synergy HT), which was pre-heated to 37 °C.
Absorbance at 405 nm was measured for 2 h, at 30 s intervals. Kinetic
parameters were calculated from the sigmoidal-shaped curves, which in-
cluded lag time and maximum absorbance value.

Analysis of the Rheological Properties of Collagen-Anisogels Formulations:
All collagen-Anisogels formulations were prepared as described in 2.2 and
kept on ice prior to rheological measurements. A rheometer (TA instru-
ments, DHR) with a cone-plate geometry (20 mm, 2.0°) was used. Time
sweep analyses were conducted at 37 °C for 45 min for all tested formula-
tions, after which a frequency (0.25-1Hz) and amplitude (0.15-1%) sweep
were performed, without magnetic stimulation, to confirm that the formu-
lations were in the linear viscoelastic regime at the used conditions de-
scribed in Table S1 (Supporting Information).

Preparation of Magnetically Oriented Collagen-Anisogels: Collagen-
Anisogels formulations were prepared as described in 4.2. and kept on
ice until casting on the ibidi chambers. Samples were casted in volumes
between 10-20 uL in a well plate, in the presence of a uniform magnetic
field of 100 mT, applied by using a pair of neodymium rectangle magnets
(Magnosphere, Germany) (Figure 1A). Samples were incubated at RT for
5 min to allow for the orientation of the microgels within the hydrogels,
and then transferred to an incubator at 37 °C for 60 min to trigger and
complete the crosslinking of the collagen fibrils. Fresh media / PBS was
added after the complete hydrogel crosslinking.

Analysis of Collagen Fibers: Collagen-Anisogels were produced as de-
scribed in 4.2, together with control samples (not subjected to magnetic
field), and stored in phosphate buffer saline (PBS 1x, pH 7.4). Confo-
cal reflection microscopy (CRM) was used to acquire high-resolution im-
ages of the collagen fibers at high magnification (63x) in their native and
hydrated state. Confocal imaging was performed using an SP8 Tandem
Confocal (Leica Microsystems Inc.), with an argon-ion laser adjusted to
488 nm emission as a light source, used in reflection mode with a 63x
oil immersion objective. Images were collected at 8-12 positions within
three independent hydrogels per each different collagen-Anisogel. The
3D fiber network was evaluated considering fiber diameter and orienta-
tion, both quantified from images with Python and Fiji (free software
(v2.0.0)) software, respectively. The reflection of PEG-ugels in the sam-
ples were removed prior to analysis (Figure 1C). Diameter analysis was
written in python (https://www.python.org) using the libraries: numpy
(https://numpy.org), matplotlib (https://matplotlib.org) and ImageP and
BatchAnalyzer libraries developed by team, both available at github under
https://www.github.com/tomio13/ImageP and https://www.github.com/
tomio13/BatchAnalyzer. Images were first blurred through convolution
with a Gaussian kernel (standard deviation of 100 pixels, window size
801 pixels). This blurred image was subtracted as background, resulted
negative values set to zero. Then the image was smoothed using another
Gaussian kernel with standard deviation of 1 pixel, window size 11 pix-
els. For increasing the detail content, the dynamic range of the image was
compressed setting the intensity values to a power of 0.5. Fibers were de-
tected then applying a dynamic threshold calculated with the method of
Otsu.’7] The width of the fibers were established employing a distance
transform on the binary images (based on the work ofl®8]). Then a local
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maxima search was applied to collect the center points indicating the lo-
cal radii of the fibers. The diameter values calculated from these local radii
were then used to calculate a thickness histogram for each images. Ori-
entation), a Java plugin for Fiji,>®! was used to map the directionality in
the images (gradient: Gaussian; local window: 2 pixel), where each color
is assigned to an orientation angle (Figure 1C).

Cell Encapsulation and 3D Cell Culture in Collagen-Anisogels: Normal
human dermal fibroblasts (NHDF) (Promocell) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco) supplemented with
10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 °C under
5% CO2. Cells from passages below 10 were used for the in vitro exper-
iments. Briefly, collagen-Anisogels were prepared as described in section
preparation of magnetically oriented collagen-anisogels, with cells being
part of the eight-part collagen prior to mixing the other components. The
casting of the precursor solutions in the presence of a uniform magnetic
field was performed as above mentioned. Collagen-Anisogels with NHDF,
and collagen hydrogels with NHDF as control, were kept in culture for 7
days, and culture media was replaced on day 5. Brightfield mosaic images
with magnification of 10x were captured for each collagen gel at time day
1, 5, and 7 days of culture, using the confocal microscope. The hydrogel
contraction was evaluated by area measurements using Fiji software.

Immunofluorescence Staining and Imaging:  Hydrogels were fixed in 4%
paraformaldehyde (PFA, AppliChem) in PBS for 40 min after 1, 5, and 7
days of culture. The samples were washed twice with PBS, permeabilized
using 0.1% Triton X-100 (Sigma—Aldrich) in PBS for 40 min and washed
twice again with PBS. Actin staining was performed by incubating the sam-
ples with phalloidin-iFluor 488 and 555 (1: 1000, Abcam) for 3 h, followed
by PBS wash (2x) for 30 min. All samples were incubated during staining
and washing steps in an elliptical plate shaker at 30 rpm. Samples were
stored in PBS at 4 °C until imaging.

Z stack images of collagen-Anisogels with encapsulated cells were im-
aged using a 10x magnification air objective in a laser scanning confo-
cal microscope (SP8 Tandem Confocal, Leica Microsystems Inc). The light
source used was an argon-ion laser adjusted to 488 and 555 nm emission
(fluorescence from microelements). Z-stack images were collected from
2-3 random locations in the middle of the hydrogels, with a stack size be-
tween 50 and 150 um for the three biologically relevant replicas for each
independent time point (1, 5, and 7 days of culture). Actin orientation was
quantified by superimposing the z-stack images, using Fiji software. Cell
orientation was evaluated following the same procedure described before
for fiber orientation analysis.

Statistical Analysis: ~ Statistical analysis was performed using GraphPad
Prism software (v5). A Shapiro Wilk normality test was used to assess data
normality. When a normal distribution was verified, one-way ANOVA anal-
ysis followed by Tukey’s multiple comparison test was performed, and re-
sults were presented using mean and standard deviation. For analysis not
following a normal distribution, a Kruskal-Wallis test followed by corrected
Dunn’s were performed, and results were presented using median and in-
terquartile range. For evaluations regarding paired experiments, upon nor-
mality assessment, Friedman test followed by Dunn’s comparison were
conducted. Statistical significance was considered for *p < 0.05; **p <
0.01; ***p < 0.007; ****p < 0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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