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ARTICLE INFO ABSTRACT

Keywords: Hydrogels composed of collagen, the most abundant protein in the human body, are widely used as scaffolds for
Collagen tissue engineering due to their ability to support cellular activity. However, collagen hydrogels with encapsu-
Crosslinking

lated cells often experience bulk contraction due to cell-generated forces, and conventional strategies to mitigate
this undesired deformation often compromise either the fibrillar microstructure or cytocompatibility of the
collagen. To support the spreading of encapsulated cells while preserving the structural integrity of the gels, we
present an interpenetrating network (IPN) of two distinct collagen networks with different crosslinking mech-
anisms and microstructures. First, a physically self-assembled collagen network preserves the fibrillar micro-
structure and enables the spreading of encapsulated human corneal mesenchymal stromal cells. Second, an
amorphous collagen network covalently crosslinked with bioorthogonal chemistry fills the voids between fibrils
and stabilizes the gel against cell-induced contraction. This collagen IPN balances the biofunctionality of natural
collagen with the stability of covalently crosslinked, engineered polymers. Taken together, these data represent a
new avenue for maintaining both the fiber-induced spreading of cells and the structural integrity of collagen
hydrogels by leveraging an IPN of fibrillar and amorphous collagen networks.

Statement of Significance: Collagen hydrogels are widely used as scaffolds for tissue engineering due to their
support of cellular activity. However, collagen hydrogels often undergo undesired changes in size and shape due
to cell-generated forces, and conventional strategies to mitigate this deformation typically compromise either the
fibrillar microstructure or cytocompatibility of the collagen. In this study, we introduce an innovative inter-
penetrating network (IPN) that combines physically self-assembled, fibrillar collagen—ideal for promoting cell
adhesion and spreading—with covalently crosslinked, amorphous collagen—ideal for enhancing bulk hydrogel
stability. Our IPN design maintains the native fibrillar structure of collagen while significantly improving
resistance against cell-induced contraction, providing a promising solution to enhance the performance and
reliability of collagen hydrogels for tissue engineering applications.

Interpenetrating network
Hydrogel contraction
Cell morphology

1. Introduction to their favorable material and cell-interactive properties. As the most
abundant protein in the human extracellular matrix (ECM), collagen

Collagen hydrogels are widely used as three-dimensional (3D) scaf- comprises approximately 25 % of the body’s total protein content by dry
folds for tissue engineering and regenerative medicine applications due weight [1]. Its inherent biocompatibility and minimal risk of immune
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rejection, particularly in the form of atelocollagen, make it a clinically
viable material for medical implantation [2,3]. Additionally, the fibrillar
structure of collagen type I and its numerous ligand-binding sites pro-
mote cell adhesion and interaction, thereby directing essential cellular
behaviors including spreading, migration, and differentiation [4-6]. The
ability of collagen hydrogels to closely mimic the native ECM provides a
significant advantage over synthetic hydrogels, supporting more natural
cellular functions and superior tissue regeneration outcomes.

Native tissues in the human body are active and dynamic bio-
materials, experiencing constant interactions between the living cells
and the non-living polymeric matrix in which the cells are embedded
[7-9]. In particular, cells can exert forces and remodel the matrix as they
undergo key cellular processes such as spreading, proliferation, and
migration [10-12]. A significant drawback of collagen hydrogels is their
tendency to contract over time in response to forces from contractile,
encapsulated cells that exert significant tensions on the surrounding
collagen fibers as they actively remodel the matrix [13-15]. This
contraction presents several challenges for tissue engineering applica-
tions. For example, it can lead to instability of the engineered gels,
causing substantial shrinkage and deformation of the gel shape and size.
These structural changes can disrupt the gel’s alignment with
patient-specific geometries, reduce porosity, and alter cell density,
which impacts cell viability, differentiation, and overall tissue function
[16,17]. Additionally, gel contraction can hinder the efficacy and
engraftment potential of engineered tissue by causing detachment from
the intended implantation site [18]. This phenomenon has been
observed across a variety of cell types, including fibroblasts and
mesenchymal stromal cells, with the severity of contraction increasing
with the time in culture [17,19,20].

Chemical crosslinkers such as glutaraldehyde, 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide hydrochloride (EDC), and N-hydrox-
ysuccinimide (NHS) are effective in forming covalent bonds to
strengthen the bulk properties of collagen hydrogels and reduce gel
deformation, but their cytotoxicity and off-target effects render them
less suitable for encapsulating live cells within the hydrogels during
crosslinking [21-23]. These techniques therefore commonly rely on
seeding cells on top of prefabricated, porous scaffolds after crosslinking
[24,25]. Seeding cells on top of scaffolds can limit the homogeneity of
the cell distribution, especially as the thickness of the scaffold increases.
Therefore, cell-friendly crosslinking approaches have been developed
that allow cells to be directly and homogeneously mixed within
hydrogel precursor solutions before scaffold formation [26].

Strain-promoted azide-alkyne cycloaddition (SPAAC) click chemis-
try offers a covalent, bioorthogonal crosslinking strategy that avoids the
cytotoxic catalysts, side-reactions, and harmful byproducts often asso-
ciated with other crosslinking methods [26,27]. By chemically modi-
fying the collagen to contain azide functional groups, the collagen can be
crosslinked with a molecule containing strained alkynes, such as
dibenzocyclooctyne (DBCO) [28]. SPAAC chemistry is not present in
biological systems and thus non-interactive with cells, allowing cells to
be encapsulated within the hydrogel precursor during crosslinking.
However, unlike conventional, physically self-assembled (PHYS)
collagen, SPAAC collagen does not self-assemble into a fibrillar network,
a phenomenon commonly observed when using collagen solutions that
are chemically modified and/or chemically crosslinked before fibrillo-
genesis [28-31]. Our previous studies have shown that while the co-
valent crosslinks in SPAAC collagen hydrogels enhance resistance
against corneal cell-induced contraction, the amorphous nature of
SPAAC collagen inhibits the ability of encapsulated cells to spread as
they do in fibrillar microenvironments like conventional PHYS collagen
[17] or the native corneal stroma [32]. As a result, new hydrogel designs
are necessary to produce collagen scaffolds that provide both resistance
against contraction as well as biophysical cues for cell spreading.

We hypothesized that an interpenetrating network (IPN) of collagen
that incorporates both covalent crosslinking via SPAAC chemistry
(resulting in an amorphous collagen subnetwork) and physical self-
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assembly (resulting in a fibrillar collagen subnetwork) would enhance
hydrogel stability against cell-induced contraction while still enabling
cells to spread inside the gel. IPNs are systems composed of two or more
functionally distinct polymer networks interwoven at a molecular level,
yet not covalently bonded to each other. These networks allow for
tuning hydrogel properties to provide biomimetic microenvironments
with greater control over factors like viscoelasticity. Previous studies
have explored IPNs involving collagen blended with other materials
such as alginate or hyaluronic acid to achieve the desired material
properties [10,33-36]. In this work, we have developed an IPN
composed of collagen with two different structural forms: fibrillar and
amorphous. By forming the IPN sequentially—first by allowing physical
self-assembly (PHYS collagen) and then introducing the covalent
crosslinking (SPAAC collagen)—we demonstrated that the resultant
fibrillar network closely resembles that of unmodified, physically
self-assembled collagen. Importantly, this collagen IPN successfully fa-
cilitates cell spreading, similar to PHYS collagen alone, while main-
taining structural gel integrity against cell-induced contraction, similar
to SPAAC collagen alone. These properties are crucial to enable cell
encapsulation for in vitro culture or in vivo implantation while preserving
long-term stability and function.

2. Materials and methods
2.1. Preparation of hydrogels

Preparation of PHYS collagen: Bovine type I atelocollagen solution (10
mg/mL, Advanced BioMatrix) was neutralized on ice immediately
before use following instructions from the manufacturer. Briefly, 1.0 M
sodium hydroxide (NaOH, Sigma), ultrapure deionized water (Milli-
pore), and 10X phosphate buffered saline (PBS, Millipore) were added to
the collagen to reach a concentration of 8 mg/mL collagen with a pH of
7.5. The solution was then diluted with cold 1X PBS to 4 mg/mL
collagen. To form PHYS collagen hydrogels, the neutralized collagen
solution was transferred to 8-well chambered coverslips (Ibidi, 200 pL
per well) and incubated at 37 °C for 1 h for gelation.

Preparation of SPAAC collagen: Bovine type I atelocollagen solution
(10 mg/mL, Advanced BioMatrix) was modified with azide functional
groups using N-hydroxysuccinimide (NHS) ester chemistry to react with
primary amines on collagen. To keep the collagen in solution state
during the bioconjugation reaction, the entire process was performed at
low temperatures (on ice or at 4 °C). First, the acidic collagen solution
was neutralized on ice following instructions from the manufacturer.
Azido-PEG4-NHS ester (BroadPharm) was dissolved in dimethyl sulf-
oxide (DMSO, Fisher) at a concentration of 100 mg/mL and added to the
neutralized collagen solution at 2 molar equivalents relative to primary
amines on the collagen. The solution was mixed well, rotated for 2 h at 4
°C, and then dialyzed overnight in a Slide-A-Lyzer dialysis kit (3.5-kDa
MWCO, ThermoScientific) against 1X PBS at 4 °C. The degree of func-
tionalization was determined using a 2,4,6-Trinitrobenzene Sulfonic
Acid (TNBSA) assay (Thermo Scientific) to quantify free amino groups,
following the instructions from the manufacturer. Collagen-azide was
stored at 4 °C and used within one week of the bioconjugation reaction.
To form SPAAC hydrogels, collagen-azide and polyethylene glycol-
dibenzocyclooctyne (PEG-DBCO, 4-arm, 10 kDa, Creative PEGworks)
solutions were mixed together to reach concentrations of 2 mg/mlL and 4
mg/mL, respectively. The mixture was transferred to 8-well chambered
coverslips (Ibidi, 200 pL per well) and incubated at 37 °C for 1 h for
gelation.

Preparation of the collagen IPN: Neutralized, unmodified collagen
solution and collagen-azide solution were mixed to final concentrations
of 4 mg/mL and 2 mg/ml, respectively. For simultaneous PHYS and
SPAAC network formation, PEG-DBCO crosslinker dissolved in 1X PBS
was added at an effective concentration of 4 mg/mL, and the solution
was then transferred to 8-well chambered coverslips (Ibidi, 200 pL per
well) and incubated at 37 °C for 1 h. For sequential PHYS and SPAAC



L.G. Brunel et al.

network formation, the collagen mixture without crosslinker was
transferred to 8-well chambered coverslips and incubated at 37 °C for 1
h. Then, 100 pL of PEG-DBCO crosslinker dissolved in 1X PBS was added
to the top of each well for an effective concentration of 4 mg/mL PEG-
DBCO. Therefore, the final composition of the collagen IPN is 40 %
PHYS collagen (4 mg/mL unmodified collagen) and 60 % SPAAC
collagen (2 mg/mL collagen-azide + 4 mg/mL PEG-DBCO).

2.2. Mechanical characterization

Mechanical testing was performed using an ARG2 stress-controlled
rheometer (TA Instruments). All measurements were confirmed to be
within the linear viscoelastic regime of the materials, and representative
curves were shown based on measurements of at least N = 3 indepen-
dent samples.

Tests comparing PHYS and SPAAC collagen alone were conducted
with a cone and plate geometry, using a 20 mm diameter and 1° angle
cone, and the materials were allowed to gel in situ on the rheometer. All
solutions were initially kept on ice, and a solvent trap or mineral oil was
used to prevent evaporation during the measurement. The solutions for
PHYS and SPAAC collagen were mixed at their final concentrations and
immediately pipetted onto the rheometer stage. The gelation kinetics
were evaluated through a temperature sweep from 4 to 37 °C (heating
rate of 3 °C/min, 1 rad/s angular frequency, 1 % strain) followed by a
time sweep. Once the final plateau modulus was reached, a stress
relaxation test (10 % strain, 37 °C) was conducted.

Tests comparing PHYS, SPAAC, and IPN collagen were performed
with an 8-mm parallel plate geometry, and the gels were formed before
loading onto the rheometer. Specifically, 4 mg/mL unmodified collagen
(for PHYS collagen), 2 mg/mL collagen-azide and 4 mg/mL PEG-DBCO
(for SPAAC collagen), or 4 mg/mL unmodified collagen and 2 mg/mL
collagen-azide (for IPN collagen) were pipetted into silicone molds (8
mm diameter, 40 uL material) and allowed to gel for 1 h at 37 °C. For the
IPN collagen, PEG-DBCO dissolved in PBS was added atop the gels for a
final concentration of 4 mg/mL PEG-DBCO in the gel and incubated
again for 1 h at 37 °C. Gels were removed from their molds with a
spatula and placed onto the rheometer stage for frequency sweeps
(0.1-100 rad/s, 1 % strain, 37 °C) and stress relaxation (10 % strain, 37
°C) measurements.

2.3. UV-Vis spectroscopy

The precursor solution for SPAAC collagen gels was mixed and
pipetted into a black clear-bottom 96-well plate (Costar), with 60 uL of
sample per well. The absorbance was immediately read using UV-Vis
spectroscopy at 310 nm to track the decay in absorbance of the acety-
lenes in DBCO, a common technique for monitoring the kinetics of
SPAAC reactions [37]. Measurements were collected at room tempera-
ture every minute for 120 min.

2.4. Fluorescence Recovery After Photobleaching (FRAP) measurements

For Fluorescence Recovery After Photobleaching (FRAP) measure-
ments, IPN collagen gels were formulated with or without the PEG-
DBCO crosslinker. A 10-kDa fluorescein isothiocyanate (FITC)-dextran
probe (Sigma) was suspended within the gels at a concentration of 1 mg/
mL. 30 uL of material were loaded into a clear-bottom, half-area 96-well
plate (Greiner Bio-One) and incubated at 37 °C for 1 h. FRAP experi-
ments were performed using a STELLARIS 5 confocal microscope (Leica)
with 60 s of photobleaching (110 um x 110 um area, 488 nm laser, 100 %
intensity), followed by 120 s of acquisition time. Diffusion coefficients
were calculated using the “frap_analysis” MATLAB program [38].

2.5. Engymatic degradation assay

An accelerated degradation assay with collagenase was performed
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on PHYS, SPAAC, and IPN collagen gels. The gels were exposed to 1 wt%
collagenase (Gibco) in PBS and incubated at room temperature on an
orbital shaker. Every hour, the collagenase solution was removed to
weigh the samples, and fresh collagenase was then added. The process
was continued for a total of 5 h until all gels had fully degraded.

2.6. Cell culture, encapsulation, and seeding

Corneal mesenchymal stromal cells (MSCs) were isolated from a
human donor cornea (Lions Eye Institute for Transplant and Research)
according to established protocols [39]. The donor was between 30 and
35 years old and had no history of herpes simplex virus, varicella zoster
virus, human immunodeficiency virus, or hepatitis. The
death-to-preservation time was <7 days, and the cornea was provided in
Optisol corneal storage medium. Cells were expanded in growth me-
dium consisting of 500 mL MEM-Alpha (Corning), 50 mL fetal bovine
serum (Gibco), 5 mL GlutaMax (Gibco), 5 mL non-essential amino acids
(Gibco), and 5 mL antibiotic-antimycotic (Gibco). Growth medium was
changed every other day, and corneal MSCs were passaged upon
reaching 80 % confluency. The corneal MSCs were used for experiments
between passages 7-9.

For cell encapsulations in 3D, the corneal MSCs were trypsinized,
counted, pelleted, and re-suspended at a density of 5 x 10° cells/mL in 4
mg/mL unmodified collagen (for PHYS collagen), 2 mg/mL collagen-
azide and 4 mg/mL PEG-DBCO (for SPAAC collagen), or 4 mg/mL un-
modified collagen and 2 mg/mL collagen-azide (for IPN collagen). In the
case of SPAAC collagen with a higher concentration of collagen-azide to
match the concentration of collagen in PHYS collagen, cells were
resuspended in a solution of 4 mg/mL collagen-azide and 4 mg/mL PEG-
DBCO. The solutions were then pipetted into silicone molds (4 mm
diameter, 10 uL material) or 18-well glass bottom chamber slides (Ibidi)
(5.7 mm x 6.1 mm, 75 uL material) and allowed to gel for 1 h at 37 °C.
After gelation, growth medium (for PHYS and SPAAC collagen) or
growth medium with dissolved PEG-DBCO for a final concentration of 4
mg/mL PEG-DBCO in the gel (for IPN collagen) was added atop the gels.
The medium was changed every other day during the duration of the
culture period (5 days).

For cell seeding on top of SPAAC collagen gels in 2D, acellular SPAAC
collagen was first gelled within molds as previously described. Corneal
MCSs were trypsinized, counted, suspended within corneal MSC growth
medium, and seeded on top of the gels with an initial seeding density of
10,000 cells/cm?.

2.7. Microscopy of collagen fibrils

The fibrillar collagen networks were visualized using second har-
monic generation (SHG) microscopy with an inverted microscope
(Nikon, Ti2-E equipped with a C2 confocal scanning head and a Nikon
CFI Apochromat TIRF 100XC oil immersion objective). The C2 scanner
was augmented with a slidable mirror (Optique Peter) allowing
switching between confocal fluorescence (with laser diode wavelengths
405, 488, 561, and 647 nm) and nonlinear imaging modalities. In
nonlinear imaging mode, the SHG signal was generated by probing the
samples with a picosecond-pulsed laser from a system (APE America
Inc., picoEmerald S with 2 ps pulse length, 80 MHz repetition rate, and
10 em™ bandwidth) consisting of a 1031 nm mode-locked ytterbium
fiber laser and an optical parametric oscillator (OPO) tunable between
700 and 960 nm. The OPO wavelength was set to 797 nm and the
backscattered SHG signal (at a wavelength of 398.5 nm) was separated
using a set of optical filters (BrightLine 400/12 bandpass, BrightLine
390/18 bandpass, Thorlabs FESH0500 shortpass) and detected pixel-by-
pixel with a photomultiplier tube (Hamamatsu, R6357). The excitation
power at the sample was 35 mW.

Gels were removed from their molds and imaged in 2-well cham-
bered coverslips (Ibidi, 1.5H cover glass thickness) with 500 pL of PBS to
prevent gel desiccation. For each sample, at least 9 image z-stacks were
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acquired in different areas of the gel. Each z-stack comprised of 21 slices
spaced 1 pm apart, for an effective stack depth of 20 pm. To avoid
boundary effects, acquired z-stacks were centered at least 30 pm deep
into the gels. All images were collected at a resolution of 1024 x 1024
pixels (75.3 x 75.3 nm/pixel) with 10.8 ps/pixel dwell time.

2.8. Image analysis of collagen fibrils

The SHG image z-stacks were analyzed using a combination of the
FLJI distribution of ImageJ [40] and a modified version of a MATLAB
script developed by Rossen et al. [41]. The z-stacks were processed using
an east shadows filter and 3D Gaussian blur filtering (6 = 1). The
collagen fibrils were thresholded from the background signal using
Otsu’s method [42]. The resultant binary mask was then multiplied by
the original processed image to effectively isolate the fibrils from the
background. The fibril thickness was determined using the “Local
Thickness” plugin in FIJI. The contour length, persistence length,
network mesh size, and number of fibrils were determined using a
MATLAB fiber-finding algorithm.

The fiber-finding algorithm used to calculate collagen fibril contour
length, persistence length, network mesh size, and the number of fibrils
per image was adapted from Rossen et al. [41] and implemented in
MATLAB (version R2023b). This algorithm functions by (1) tracing fi-
brils stepwise by iteratively searching local subvolumes from a starting
point until a stopping factor is reached that separates signal from void,
(2) blotting out the trace to prevent repeat counting, and (3) restarting at
the next starting point until all fibrils have been exhausted. A
three-dimensional Gaussian point spread function (PSF) with a voxel
density of 24 x 24 x 100 nm? was generated and rescaled to match the
input data voxel resolution (75.3 x 75.3 x 909 nm3). The residuals
matrix of the input data and the PSF were used for tracing fibrils due to
improved clarity over the raw input data. Using iterative parameteri-
zation, a length prioritization array of [30 15 10], cone angle of 30°, and
stop factor of 0.5 were found to most accurately identify fibrils for these
samples and were therefore used for all analyses.

2.9. Microscopy of SPAAC collagen network

To visualize the SPAAC collagen network, all microscopy of fluo-
rescently labeled SPAAC collagen was performed using fluorescence
imaging with an inverted microscope (Nikon, Ti2-E equipped with a C2
confocal scanning head and a Nikon CFI Apochromat TIRF 100XC oil
immersion objective).

To fluorescently label SPAAC collagen in acellular gels, the SPAAC
and IPN collagen gels were first prepared as described in Section 2.1.
After gelation, the gels were incubated in 30 pM Alexa Fluor 488-DBCO
(Click Chemistry Tools) in PBS containing 1 % BSA for 1 h at 37 °C.
Unreacted dye was removed by washing the gels 4 times with PBS. Gels
were kept covered with aluminum foil to protect them from photo-
bleaching before fluorescence imaging.

To fluorescently label SPAAC collagen in corneal MSC-laden gels,
collagen-azide was conjugated with Alexa Fluor 647-NHS ester (Ther-
moFisher Scientific). 100 pg Alexa Fluor 647-NHS ester was dissolved in
10 pL. DMSO and added to 500 uL collagen-azide. The solution was
covered with aluminum foil to prevent photobleaching, mixed well, and
rotated for 24 h at 4 °C. The solution was dialyzed in a Slide-A-Lyzer
dialysis kit (7-kDa MWCO, ThermoScientific) for 3 days against 1X
PBS at 4 °C to remove unreacted dye. After dialysis, this fluorescently
labeled collagen-azide was mixed with non-fluorescent collagen-azide at
a 1:5 ratio. This dilution of fluorescently labeled collagen-azide was then
used for cell encapsulation within SPAAC and IPN collagen gels as
described in Section 2.6.

2.10. Microscopy and image analysis of cells within gels

Cell viability and cell aspect ratio were determined from microscopy
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performed with a STELLARIS 5 confocal microscope (Leica) combining
fluorescence and confocal reflectance imaging modalities with a 10X air
objective or 40X oil immersion objective. To assess the viability of the
corneal MSCs on Days 0, 1, 3, and 5 after encapsulation, Live/Dead
staining was conducted using calcein AM and ethidium homodimer-1
(Life Technologies), following the manufacturer’s instructions. The
numbers of live and dead cells were determined using FILJI, and cell
viability was calculated as the number of live cells divided by the total
number of cells. To quantify the cells’ aspect ratio (i.e., ratio of major to
minor axis lengths) over time as an indication of cell spreading, confocal
z-stack images of live cells (calcein AM-positive) were analyzed using
CellProfiler software. The aspect ratio of each cell was determined by
applying the two-class Otsu thresholding, hole removal, and watershed
algorithms, followed by the removal of objects with surface areas <50
pm?. Three z-stack images (12 slices with 10 ym spacing) taken in
different regions of the sample were analyzed for each sample for both
cell viability and cell aspect ratio. All images were acquired at a reso-
lution of 1024 x 1024 pixels (180.4 x 180.4 nm/pixel).

Hydrogel contraction imaging was performed with an epifluorescent
microscope (Leica Microsystems, THUNDER Imager 3D Cell Culture)
with a 2.5X air objective in bright field mode. To track the contraction of
the cell-laden hydrogels over 5 days, images of the gels within their
original molds were taken at each time point, and their areas were
measured with FIJI.

Images of the cell nuclei and F-actin were taken on an inverted mi-
croscope (Nikon, Ti2-E equipped with a C2 confocal scanning head and a
Nikon CFI Apochromat TIRF) with a 100XC oil immersion objective. On
Day 5 after cell encapsulation in the gels, samples were prepared for
fluorescence microscopy by fixation with 4 % paraformaldehyde for 1 h,
followed by 3 PBS washes for 20 min each. Cell membranes were per-
meabilized with 0.25 % Triton X-100 in PBS (PBST) for 1 h. Nuclei and F-
actin were stained by incubation with 4',6-diamidino-2-phenylindole
(DAPI, 1 pg/mL, Thermo Fisher Scientific) and phalloi-
din-tetramethylrhodamine B isothiocyanate (phalloidin-TRITC, 0.2 pg/
ml, Sigma-Aldrich) in PBST for 1 h at room temperature. Staining was
followed by 3 PBST washes for 20 min each.

Images of the proliferation marker Ki-67 were taken on a STELLARIS
5 confocal microscope (Leica) using fluorescence imaging with a 10X air
objective or 40X oil immersion objective. On Day 5 after cell encapsu-
lation in the gels, samples were fixed, washed, and permeabilized as
described above. The samples were then blocked with 5 % normal goat
serum (Thermo Fisher Scientific) and 5 % bovine serum albumin (Sigma-
Aldrich) for 3 h. Antibody staining was performed by first incubating
samples with primary antibody (mouse anti-Ki-67, 1:400 dilution, Cell
Signaling) overnight at 4 °C. This was followed by 4 PBST washes for 20
min each. Subsequently, samples were incubated with a secondary
antibody (goat anti-mouse IgG Alexa Fluor 488, 1:500 dilution, Invi-
trogen) overnight at 4 °C. This was again followed by 4 PBST washes for
20 min each. Nuclei were stained by incubation with 4',6-diamidino-2-
phenylindole (DAPI, 1 pg/mL, Thermo Fisher Scientific) in PBST for 1 h.
Staining was followed by 4 final PBST washes for 20 min each. Ki-67+
cells were quantified using a Python script that performed Gaussian
blurring (6 = 1), thresholding, and colocalization of the Ki-67 signal
with the DAPI nuclear signal. Colocalized Ki-67 and DAPI masks were
counted as Ki-67+ cells, while DAPI masks without colocalized Ki-67
were counted as Ki-67- cells. The fraction of Ki-67+ cells was calcu-
lated as the number of cells expressing Ki-67 divided by the total number
of cells.

2.11. Analysis of metabolic activity of cells within gels

The metabolic activity of corneal MSCs on Days 1 and 5 after
encapsulation within PHYS, SPAAC, and IPN collagen gels was assessed
with an alamarBlue assay (Invitrogen). At each time point, samples were
incubated with 10 % alamarBlue reagent in growth medium for 4 h, and
the resultant fluorescence was measured using a plate reader with
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excitation at 560 nm and emission read at 590 nm. Acellular gels were
used as baseline controls. Relative metabolic activity data for Day 5 were
generated by normalizing to Day 1 fluorescence readings.

2.12. Statistical analysis

Statistical analyses were performed using GraphPad Prism (Version
9.5). The Shapiro-Wilk test was used to test for normality of data. For
comparison of the amine quantity in unmodified vs. azide-modified
collagen, an unpaired t-test was used. For comparisons of collagen
fibrillar network microstructures and comparisons of cell aspect ratios, a
one-way analysis of variance (ANOVA) with Tukey’s multiple compar-
isons test was used. Specific details of each statistical analysis are pre-
sented in the figure captions. In all cases, N > 3 independent gels for
each condition, and p < 0.05 was considered as statistically significant.
Data are presented as mean + standard deviation unless specified
otherwise.

3. Results

3.1. Design of an interpenetrating network (IPN) of fibrillar and
amorphous collagen

While collagen is a highly desirable material for 3D cell culture
scaffolds, the low-stiffness fibrillar network that results from physical
self-assembly makes collagen susceptible to bulk deformation and
shrinkage in response to cell-generated forces. While SPAAC cross-
linking of collagen mitigates this issue by increasing hydrogel stiffness
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and stability, amorphous SPAAC collagen on its own is not conducive to
the spreading of encapsulated cells in the manner of unmodified PHYS
collagen (Fig. 1). To explore this phenomenon, we prepared PHYS
collagen gels by neutralizing bovine type I atelocollagen at 4 mg/mL,
encapsulating human corneal cells within the collagen solution, and
allowing the cell-laden collagen to incubate at 37 °C for 1 h for complete
gelation and self-assembly of the fibrillar network (Fig. 1A, S1A). We
observed that the fibrillar network in PHYS collagen facilitates cell
spreading, a key indicator of the function of mammalian cells [43,44].
However, PHYS collagen is also susceptible to shrinkage during culture
as cell-imposed forces remodel the collagen fibrils, causing them to
rearrange and densify around the cells over time (Fig. S2). This
remodeling process propagated to significant changes in the bulk shape
and size of the hydrogels (Fig. 1A).

For the SPAAC-crosslinked collagen hydrogels (Fig. 1B), we chemi-
cally modified bovine type I atelocollagen to produce a collagen-azide
solution by converting approximately 50 % of the amine groups on ly-
sines to azide groups that can participate in SPAAC crosslinking (Fig.S3).
The obscuration of lysine groups involved in collagen self-assembly [45]
and introduction of side chains that may cause steric hindrance [46,47]
can interfere with collagen self-assembly. Therefore, after the bio-
conjugation reaction, collagen-azide does not spontaneously gel on its
own (ie., remains a solution; Fig.S1B), even at the neutral pH and
physiological temperature that enables the fibrillar self-assembly of
unmodified PHYS collagen into a gel (Fig.S1A). Upon mixing with a
4-arm PEG-DBCO crosslinker and cells, the collagen-azide is then able to
undergo SPAAC chemical crosslinking with gelation on a timescale
similar to the PHYS collagen (crossover point when G’ = G’ in < 10 min,

Physically self-assembled collagen (PHYS)

Collagen fibrils Gel after 3 days < Initial gel size

A

V' Cell spreading X Poor gel stability

Strain-Promoted Azide-Alkyne Cycloaddition crosslinked collagen (SPAAC)

= Initial gel size

Collagen fibrils

X No cell spreading

V' Gel stability against
contraction

Fig. 1. Collagen hydrogels crosslinked through physical self-assembly (PHYS) or bioorthogonal covalent chemistry (strain-promoted azide-alkyne cycloaddition,
SPAAC) each offer both advantages and challenges for their use as matrices for encapsulated cells. (A) PHYS collagen matrices are fibrillar and facilitate the spreading
of encapsulated cells, but are susceptible to contraction in response to the forces exerted by encapsulated cells. (B) SPAAC collagen matrices do not undergo un-

desired contraction, but do not contain fibrils or allow cell spreading.
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Fig. S1B). The consumption of the acetylenes in the DBCO as the reaction
progresses is further confirmation of the SPAAC crosslinking (Fig.S1C).
The covalently crosslinked SPAAC network allowed the tissue engi-
neered construct to have robust structural stability, without shrinking or
compaction. However, the cells were unable to spread effectively within
the SPAAC collagen hydrogels, retaining a rounded morphology
(Fig. 1B).
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To address the challenge of balancing cell spreading and structural
stability in collagen hydrogels, we developed an IPN that integrates two
distinct structural components made from collagen: (1) a fibrillar
network to support cell spreading and (2) an amorphous, covalently
crosslinked network to stabilize the gel by inhibiting the long-range
fibril rearrangement that causes bulk-scale contraction (Fig. 2). This
IPN was formulated by combining the PHYS and SPAAC collagen

A PHYS collagen
SPAAC crosslinks

B SPAAC collagen

Collagen fibrils

SPAAC crosslinks Composite

SHG /

Collagen fibrils

v‘ Collagen-azide

}{ 4-arm PEG-DBCO crosslinker

Fig. 2. Structural characteristics of the PHYS, SPAAC, and IPN collagen materials. Collagen fibrils were visualized using second harmonic generation (SHG) imaging,
and the SPAAC networks were visualized using fluorescence microscopy of fluorophore-tagged collagen-azide. (A) PHYS collagen possesses a fibrillar network but no
covalent SPAAC network. (B) SPAAC collagen possesses a covalent SPAAC network but no fibrillar network. (C) The collagen IPN contains both a fibrillar network
and a covalent SPAAC network. These two signals do not appear to overlap, which suggests the fibrillar PHYS collagen and amorphous SPAAC collagen form two

distinct networks.
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networks (final concentrations of 4 mg/mL unmodified collagen, 2 mg/
mL collagen-azide, 4 mg/mL PEG-DBCO), creating a unique hybrid
hydrogel.

In its unmodified, conventional form, PHYS collagen forms a fully
fibrillar network, characterized by a mesh-like arrangement of collagen
struts with open voids (Fig. 2A) that traditionally facilitates cell
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spreading. We characterized the fibrillar network in these hydrogels
using second harmonic generation (SHG) imaging. This technique takes
advantage of the non-centrosymmetric structure and long-range order of
collagen fibrils, allowing us to visualize the fibrillar architecture
through a nonlinear optical interaction that produces a strong, charac-
teristic signal. Through this SHG signal, we confirmed the presence of a
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Fig. 3. Microstructural characteristics of the PHYS and IPN collagen hydrogels. (A) Representative SHG imaging of the PHYS collagen, the IPN collagen with
simultaneous gelation of the PHYS and SPAAC networks, and the IPN collagen with sequential gelation of the PHYS and SPAAC networks. (B) The IPN collagen with
simultaneous formation of the PHYS and SPAAC collagen networks has fewer, thinner, and shorter collagen fibrils than PHYS collagen alone. The IPN collagen with
sequential formation of the PHYS network first, followed by adding the PEG-DBCO to form the SPAAC network second yields fibrils that more closely resemble those
in PHYS collagen alone. N = 3 independent gels per material condition. Data plotted as mean + SD.
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well-formed fibrillar structure in PHYS collagen. In contrast, SPAAC
collagen forms an amorphous, homogenous covalent network, as visu-
alized by tagging pendant azide groups with the fluorophore Alexa Fluor
488 (AF488) after SPAAC crosslinking (Fig. 2B). Unlike other ap-
proaches of collagen crosslinking in which the crosslinking treatment is
applied to the collagen after fibrillar self-assembly [23,48], the chemical
modification of collagen molecules during the synthesis of
collagen-azide obscures lysine amino acids while the collagen is in
solution-phase. This inhibits the formation of fibrils, resulting in the
observed amorphous network for SPAAC collagen gels.

By integrating PHYS collagen and SPAAC collagen together, we
created a collagen IPN featuring two distinct types of collagen cross-
linking and microstructures. This IPN consists of a fibrillar PHYS
collagen network embedded within an amorphous SPAAC collagen
network, where the SPAAC collagen completely fills the interfibrillar
spaces between the PHYS collagen (Fig. 2C). When visualizing the PHYS
collagen network using SHG imaging of fibrils and the SPAAC collagen
network using fluorescence microscopy of AF488-tagged collagen-azide,
we observed that the fluorescence signal for the SPAAC collagen was
seemingly excluded from the SHG signal for the fibrillar PHYS collagen.
We hypothesized that the bioorthogonality of SPAAC enables the two
collagen networks to be crosslinked independently in the IPN, unlike
other chemistries that may result in partial grafting of the two networks.
Since collagen-azide is not amenable to physical self-assembly like PHYS
collagen (Fig.S1), collagen-azide is likely not present in the collagen
fibrils that self-assemble. Furthermore, since the SPAAC chemistry is
absent from biology and does not nonspecifically interact with naturally
occurring chemical groups, the unmodified PHYS collagen will not
participate in the SPAAC reaction. In contrast to SPAAC collagen alone
(Fig. 2B), the SPAAC collagen in the IPN is no longer uniformly
distributed due to the presence of intervening fibrils of PHYS collagen.
The spatial separation of the PHYS and SPAAC collagen networks sug-
gests that they remain independent of each other within the IPN to form
a composite structure with both fibrillar and amorphous networks
coexisting.

3.2. Microstructure and mechanical properties of the collagen IPN

The IPN structure of this collagen hydrogel allows for modulation of
the constituent subnetworks with control over their respective contri-
butions to the material properties. However, because the PHYS and
SPAAC collagen gels are formed by different mechanisms, they can
interfere with each other during network formation. Both networks
gelate under similar conditions, including a neutral pH of 7.5 and a
physiological temperature of 37 °C. Given that the kinetic rates and
resultant gelation times of the two networks within the IPN are similar
(Fig.S1), competition between these gelation processes can occur such
that the final microstructure of the material is impacted (Fig. 3). Spe-
cifically, the formation of the covalently crosslinked SPAAC collagen
network can impede the self-assembly of the fibrillar PHYS collagen
network. This competitive interaction results in the formation of fewer,
shorter, and thinner fibrils when both networks are allowed to form
simultaneously, compared to the fibrillar network observed in PHYS
collagen alone (Fig. 3A).

While PHYS collagen spontaneously begins to self-assemble into a
fibrous network under physiological conditions, the timing of chemical
crosslinking in SPAAC collagen can be controlled by adjusting when the
PEG-DBCO crosslinker is added to the solution. We hypothesized that by
forming the two constituent networks of the IPN sequentially, we could
prevent the interference observed in collagen fibril formation when the
networks are formed simultaneously. This approach is grounded in the
principles of IPN synthesis, which can occur either simultaneously or
sequentially. Simultaneous IPN synthesis is the process of forming two
or more polymer networks concurrently, without any of them being fully
synthesized before the others begin forming. The monomers or prepol-
ymers of each network are mixed together along with their respective
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initiators or catalysts, and the polymerization reactions proceed at the
same time. In contrast, sequential IPNs are created either by swelling a
monomer or linear polymer and crosslinker into an already-polymerized
single-polymer network or by selectively crosslinking one network
before the other [49-51]. The method of sequential formation can offer
superior tunability and control over the hydrogel’s final structural
characteristics and mechanical properties [52].

In our approach to creating a collagen IPN, the PHYS collagen
component is first allowed to physically self-assemble at neutral pH and
37 °C for 1 h in the presence of collagen-azide. This time window was
selected based on rheometry of PHYS collagen gelation, which confirms
that full gelation is achieved in <1 h (Fig.S1A). During this time, the
collagen-azide solution is expected to remain stable, since the azide
functional group is bioorthogonal to the unmodified collagen. Further-
more, no liquid medium is placed on top of the collagen IPN precursor
during self-assembly of the PHYS collagen component, eliminating the
concern of uncrosslinked collagen-azide loss due to outward diffusion.

After full gelation of the PHYS collagen in the IPN, the PEG-DBCO
crosslinker is then added to initiate SPAAC crosslinking of the
collagen-azide. This sequential formation of subnetworks is enabled by
the diffusion of the PEG-DBCO crosslinker through the gel. The diffu-
sivity of the crosslinker was determined by Fluorescence Recovery After
Photobleaching (FRAP), both before and after the SPAAC network
component of the IPN was crosslinked (Fig.S4). The crosslinking of the
SPAAC network within the IPN only decreased the crosslinker diffusivity
slightly, from 63 pmz/s to 59 pmz/s. Based on a 3D random walk
diffusion model (D = LZ/(6t), where D represents diffusivity, L repre-
sents distance, and t represents time), the 10-kDa PEG-DBCO molecule
with a diffusivity of 59 pm?/s will traverse the entire thickness of the
hydrogel (800 pm) by random walk within 30 min. Therefore, all further
characterization of the IPN collagen gels was conducted at least 1 h after
introduction of the PEG-DBCO crosslinker, in order to allow for full
diffusion and reaction.

The sequential gelation of the collagen IPN ensures that the fibrillar
parameters—i.e., contour length, persistence length, fibril width, fiber
density, and network mesh size—are maintained at levels more similar
to those found in PHYS collagen alone (Fig. 3B, Table S1). Although the
presence of collagen-azide molecules, which do not participate in self-
assembly into fibrils, has a minor effect on these properties relative to
PHYS collagen alone, the overall fibrillar microstructure is largely
maintained. Since this strategy of sequential network formation proved
effective to preserve the fibrillar network, all subsequent work with the
collagen IPN was conducted using this method to ensure consistent and
optimal material properties.

To quantify the microstructural properties of the fibrillar hydro-
gels—the PHYS collagen and the collagen IPN—we used SHG imaging.
The resultant SHG images provided high-resolution visualization of the
fibrillar architecture, which we quantitatively analyzed to assess the
effects of our sequential crosslinking method on fibril formation
compared to the simultaneous crosslinking method and PHYS collagen
alone. For this analysis, we employed a combination of the FLJI distri-
bution of ImageJ and a modified version of a fiber-finding MATLAB
algorithm originally developed by Rossen et al. [41].

This fiber finding algorithm functions by tracing lines of high-
intensity pixels within a defined cone, following each line until it rea-
ches the endpoint of a fibril. Once a fibril is fully traced, it is digitally
blotted out, and the process repeats iteratively until all fibrils in the
image have been characterized (Fig.S5). To optimize this process for our
particular material system and images, we fine-tuned several key pa-
rameters within the algorithm, including the cone angle, the length-
prioritization array, and the pixel intensity stop factor. These modifi-
cations aid in achieving accurate fibril characterization, as they avoid
pathological behavior such as identified fibrils performing sharp turns at
intersections or being erroneously broken up into smaller segments.
Following iterative optimization, we visually confirmed that the algo-
rithm most accurately reflected the fibrillar structure present in our
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collagen hydrogels (Fig.S6).

As expected, the differences in the microstructural properties of the
SPAAC, PHYS, and IPN collagen networks also result in differences in
their bulk rheological properties (Fig. 4,5S7). The stiffness and visco-
elasticity of hydrogels are important for tissue engineering due to their
effects on cell-matrix interactions and the phenotypes of encapsulated
cells [53-55]. In our system, the formulations of the constituent sub-
networks of the IPN (i.e., PHYS and SPAAC collagen) were selected to
have a similar stiffness, as described previously: G ~ 100 Pa as
measured by in situ rheology during the gelation process (Fig.S1). To
allow for mechanical characterization of IPN collagen gels formed
through sequential crosslinking of the PHYS and SPAAC collagen net-
works, we next conducted shear rheometry on gels that were pre-formed
in molds, such that the PEG-DBCO crosslinker could be diffused into the
IPN collagen gels. Similar to our previous results, the PHYS and SPAAC
collagen gels alone had a similar stiffness to each other, although the
magnitude was somewhat lower than with in situ gelation, likely due to
the gel handling required to transfer the pre-formed gel onto the
rheometer stage (Fig. 4A). The stiffness of the IPN collagen, which
effectively combines the PHYS and SPAAC collagen subnetworks, was
greater than PHYS and SPAAC collagen alone.

Gels exhibit stress relaxation when their polymer networks reorga-
nize in response to an applied strain, thereby dissipating the internal
stress over time. Conventional collagen gels exhibit characteristic stress-
relaxing behavior due to the rearrangement of fibrils allowing for me-
chanical yielding and matrix flow [56-59]. Consistent with this char-
acterization, we observed that PHYS collagen exhibits rapid stress
relaxation (Fig. 4B). The stress relaxation half-time (77,2, time for the
initial peak stress to relax to half its original value) was approximately
300 s for PHYS collagen. This rapid stress-relaxing behavior was similar
across multiple concentrations of PHYS collagen (Fig.S7A), highlighting
the role of the fibrillar, physically self-assembled microstructure in
allowing dissipation of stress in the collagen network. In contrast,
SPAAC collagen behaves like a mostly elastic gel due to the permanent,
covalent crosslinks that do not allow for dynamic reorganization of the
polymers (11,2 ~ o) (Fig. 4B); this behavior was also observed across
multiple concentrations of SPAAC collagen gels (Fig.S7B). When the two
subnetworks of PHYS and SPAAC collagen are combined together, the
collagen IPN exhibits an intermediate stress relaxation behavior (71,2 ~
20,000 s), which is slower stress relaxing than PHYS collagen alone but
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faster stress relaxing than SPAAC collagen alone.

3.3. Stability of the collagen IPN against cell-induced contraction

Human corneal mesenchymal stromal cells (MSCs) were encapsu-
lated within PHYS, SPAAC, and IPN collagen gels, remaining highly
viable (>90 % viability) over 5 days in culture (Fig. 5, Table S2). Across
all three material conditions, the corneal MSCs had similar metabolic
activity and fraction of proliferating cells (Fig.S8).

The forces that contractile cells such as MSCs exert on their sur-
rounding matrix can induce significant changes in the overall shape and
size of the hydrogel. In particular, a challenge of conventional collagen
gels is the severe densification and contraction in size that occurs as
contractile cells pull on physically self-assembled collagen fibrils
[13-15]. We observed that the different crosslinking mechanisms and
network microstructures of PHYS, SPAAC, and IPN collagen affected the
extent to which these hydrogels contracted (Fig. 6). All gels were pre-
pared in circular 4-mm diameter molds with an initial concentration of
0.5 million corneal MSCs/mL, and the sizes of the gels were tracked
daily over 5 days of culture. Due to the brightfield imaging of the gels,
the fibrillar PHYS and IPN collagen gels appear darker than the amor-
phous SPAAC collagen gels on Day 0, since light scattering from fibrils
causes opacity [60]. Over the 5-day culture period, the PHYS collagen
gels with encapsulated corneal MSCs were rapidly and severely con-
tracted. On average, PHYS collagen gels contracted to <30 % of their
initial gel area within 2 days and <10 % of their initial gel area within 4
days of cell encapsulation. Since the corneal MSCs had a similar fraction
of proliferating cells (Fig.S8), the higher apparent cell density for PHYS
collagen gels over time (Fig. 5B) is therefore attributed to the reduction
in gel area caused by PHYS collagen contraction, rather than an increase
in cell proliferation. Furthermore, we observed that the PHYS collagen
gels became increasingly opaque over time, consistent with collagen
fiber densification during contraction [60]. In contrast, the material
conditions with amorphous SPAAC collagen in the network—both
SPAAC collagen alone and the IPN collagen—did not detectably contract
in response to the encapsulated corneal MSCs, indicating that the
amorphous, covalently crosslinked collagen network significantly in-
creases the stability of the tissue engineered construct.

The collagen IPN has increased stability not only against cell-induced
contraction, but also collagenase-mediated degradation (Fig.S9).
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Fig. 4. Representative mechanical characterization curves for PHYS, SPAAC, and IPN collagen gels. (A) The constituent components of the IPN collagen, which are
PHYS and SPAAC collagen, exhibit similar shear moduli to each other. When combined into the IPN network, the shear modulus increases. Filled symbols represent
the storage modulus (G’), and open symbols represent the loss modulus (G™). (B) PHYS collagen is rapidly stress-relaxing, while SPAAC collagen does not readily
stress relax. The IPN collagen relaxes slower than PHYS collagen alone but faster than SPAAC collagen alone.
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Fig. 5. Corneal MSC viability in 3D collagen gels. (A) Corneal MSCs encapsulated in PHYS, SPAAC, and IPN collagen remain highly viable over 5 days in culture. (B)
Representative images from Live / Dead cytotoxicity assays of encapsulated corneal MSCs on the day of encapsulation (Day 0) and on Days 1, 3, and 5 after
encapsulation. N = 3 independent gels per material condition and time point. Shaded regions represent the standard deviation from the mean.

Collagenase is found in ulcerating corneas, playing a key role in corneal
collagen resorption [61]. Using an accelerated digestion test with 1 wt%
collagenase, we observed that PHYS and SPAAC collagen gels degraded
within 2 and 3 h, respectively. The collagen IPN achieved the greatest
stability against collagenase-mediated degradation, with degradation
occurring after 5 h.

3.4. Morphology of cells encapsulated in the collagen IPN

The morphology of mammalian cells is a key indicator of their
function [43,44]. Therefore, understanding how cell spreading is regu-
lated by microenvironmental cues is important for the design of bio-
materials for tissue engineering [9,62,63]. In native corneal tissue, the
corneal MSCs spread and elongate within the collagen-rich stroma [64,
65]. We hypothesized that the presence of collagen fibrils within our IPN
collagen may allow for cell spreading (Fig. 7, S10), even within a stable
gel that does not experience bulk contraction (Fig. 6). Indeed, corneal
MSCs were able to spread in both PHYS and IPN collagen hydrogels that
contained fibrils, elongating their cell bodies and extending protrusions
in multiple directions. In contrast, cells in the amorphous, covalently
crosslinked SPAAC collagen alone remained rounded, extending only
small protrusions (Fig. 7A). Interestingly, cells were able to spread when
seeded on top of SPAAC collagen in 2D (Fig.S11), indicating that the
ability of the cells to adhere to SPAAC collagen is preserved. However,
the cells did not spread when encapsulated within SPAAC collagen in
3D, even when the collagen concentration was increased to match the
collagen concentration in PHYS collagen gels (4 mg/mL collagen; Fig.
S$12). While the extent of cell spreading in the collagen IPN was initially
slightly less than in PHYS collagen alone (on Days 0 and 1), the cells
were able to reach and maintain the same degree of spreading in the
collagen IPN as in PHYS collagen within a short timespan, by Day 3 in
culture (Fig. 7B).

By imaging the fibrillar collagen IPN around the corneal MSCs over
time, we observed local densification and realignment of collagen fibrils
near cellular projections. The local reorganization of the collagen
appeared within 24 h but then remained seemingly stable over time (Fig.
S13). Corneal MSCs can therefore interact with and reorganize the
collagen fibril networks in IPN collagen as the cells spread. However,
while the local densification of the collagen fibrils around the cells for
PHYS and IPN collagen was similar, the long-range densification of
collagen that results in severe bulk contraction of the gel was observed
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only for PHYS collagen and not for IPN collagen (Fig. 6). In fibrillar
matrices in which the fibrils are less connected to each other, forces
propagate in fewer directions and with less robust force transmission
compared to highly connected networks [66]. Despite PHYS and IPN
collagen having similar fibrillar microstructures (Fig. 3), we expect that
the covalently crosslinked, SPAAC collagen network that fully surrounds
the fibrils in the collagen IPN likely serves as a barrier between fibrils
that dampens transmission of forces and inhibits long-range fibril rear-
rangement, thus preventing the gel from contracting. In this way, the
collagen IPN allows cells to interact with collagen fibrils on a micro-
scopic scale and adopt spread morphologies, while also maintaining a
highly stable and non-contracting bulk gel structure on a macroscopic
scale.

4. Discussion

A key challenge in tissue engineering is the tradeoff between
allowing cells to remodel their ECM and spread while preserving the
overall structural stability of the gels. Maintaining the shape and size of
cell-laden hydrogels is critical for applications in personalized regen-
erative medicine, where precise dimensions and structural stability are
necessary for implant success. This is especially challenging for tissue
engineered constructs with contractile cells such as MSCs, which can
exert significant forces on their surrounding matrix as they spread,
leading to severe contraction of the gel. Several strategies have previ-
ously been employed to strengthen the bulk properties of collagen gels
and reduce gel deformation, each with its own limitations [21,67]. For
example, increasing collagen concentration enhances the mechanical
properties of the gel but also alters its fibrillar structure, resulting in
more, but thinner fibers that can significantly alter cell behavior [68,
69]. Further, high-density collagen limits the ability of cells to prolif-
erate, differentiate, and diffuse waste products [70]. The crosslinking of
collagen with biological covalent crosslinkers like genipin has been
used; however, these crosslinkers also modify the collagen microstruc-
ture and reduce the gel’s pore size [71,72]. Finally, common chemical
crosslinkers for collagen such as EDC/NHS and glutaraldehyde are often
cytotoxic and therefore prevent the inclusion of cells within the
biomaterial during crosslinking, requiring the seeding of cells on top of
the scaffold rather than a homogeneous encapsulation of cells within the
scaffold [21-23].

Herein, we described our development of a collagen-based IPN that
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Fig. 6. Stability of cell-laden PHYS, SPAAC, and IPN collagen gels against cell-induced contraction. (A) Representative brightfield images of gel shapes over time
compared to the initial gel size. PHYS collagen with 0.5 million corneal MSCs/mL experienced severe contraction over 5 days in culture, while SPAAC and IPN
collagen with 0.5 million corneal MSCs/mL did not detectably contract from their initial gel size. (B) Rate of collagen gel contraction. N > 5 independent gels per
material condition. Shaded regions represent the standard deviation from the mean.

offers the benefits of both physical self-assembly of collagen (to form a
fibrillar microstructure that the cells can interact with and realign on a
microscopic scale) as well as covalent crosslinking of collagen (to sta-
bilize the bulk hydrogel on a macroscopic scale). Both networks within
our IPN are based on collagen, but the different crosslinking approaches
for the two networks (PHYS and SPAAC collagen) allow for a unique
microstructure consisting of collagen fibrils embedded within an
amorphous, covalently crosslinked collagen matrix, thus promoting
both cell spreading and structural integrity simultaneously.

Our results indicate that the spreading of the human corneal MSCs is
facilitated by the presence of a fibrillar collagen network. Interestingly,
the cells were able to spread in the collagen IPN despite the simulta-
neous presence of the amorphous SPAAC collagen network, in which the
corneal MSCs do not spread. Since corneal MSCs can adhere and spread
over SPAAC collagen when seeded on the gels in 2D, their rounded
morphologies when encapsulated in SPAAC collagen gels in 3D may be
due to confinement effects [73]. In the collagen IPN, the cells may be
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able to spread despite the SPAAC network due to the discontinuity in the
IPN material caused by the combination of amorphous and fibrillar
networks. These microinterfaces may allow cells to delaminate the bulk
gel and elongate their cell bodies [74]. Cell spreading is a multifaceted
process that depends on integrin clustering, focal adhesion formation,
activation of intracellular signaling pathways, cytoskeletal reorganiza-
tion, and mechanical interactions with the network within which the
cells are encapsulated. While both fibrillar and non-fibrillar collagen
present integrin binding sites, the specific presentation differs due to the
supramolecular structure of fibrillar collagen [75,76]. Cell morphology
has been shown to differ in response to fibrillar and non-fibrillar
collagen, indicating the importance of the structural and topograph-
ical cues from the physical state of the collagen on the cell adhesion
patterns, actin organization, and distribution of integrin subunits [77].

To better understand the ability of the collagen IPN to maintain
structural integrity while promoting this cell spreading, our findings
motivate future investigations of the propagation of a force exerted on a
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Fig. 7. Cell spreading behavior and matrix morphology. (A) Representative composite SHG and fluorescence microscopy images show extensive spreading of corneal
MSCs in the PHYS and IPN collagen gels by Day 5 after cell encapsulation, with significantly reduced cell spreading in the SPAAC gels. (B) Quantification of the
aspect ratios of cells in PHYS, SPAAC, and IPN collagen gels throughout the cell culture period. Statistical analyses were performed with one-way ANOVA and
Tukey’s multiple comparisons correction. In all cases, N = 3 independent gels per material condition and time point. Data plotted as mean + SD. ns = not significant,
*p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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collagen fiber within an amorphous, covalently crosslinked network. In
particular, our current results could be supplemented with computa-
tional modeling that considers cell-generated forces, substrate defor-
mation, ECM density, cell migration, and proliferation [78-80]. Unlike
most current models of cell-generated forces on collagen fibers, our
collagen IPN is not solely fibrillar, but rather has amorphous, covalently
crosslinked SPAAC collagen filling the voids between fibrils. The ability
of corneal MSCs to locally rearrange collagen fibrils and spread within
the collagen IPN indicates that short-range interactions between cells
and collagen fibrils remain intact, facilitating essential cellular pro-
cesses. Since this does not induce widespread collagen IPN gel
contraction, long-range force propagation is likely inhibited by the
amorphous, covalently crosslinked SPAAC collagen gel occupying the
interfibrillar space, which stabilizes the overall gel structure.

Looking forward, this collagen IPN could be adapted to a variety of
applications for both tissue model systems in vitro as well as implantable
therapies in vivo. Cell-laden collagen hydrogels are relevant for many
tissue applications including the skin, muscle, and connective tissues
[81,82]. The human corneal stroma, for example, is composed of 71 %
collagen by dry weight, predominantly type I collagen [83]. This
collagen matrix is crucial for the cornea’s biomechanical properties, and
it provides a suitable extracellular microenvironment for keratocy-
tes—specialized fibroblasts in the cornea that elongate their cell bodies
between lamellae of collagen fibrils—and the corneal MSCs from which
the keratocytes are derived [84,85]. Corneal MSCs can be readily har-
vested and expanded, and they are known to play a crucial role in
regenerating corneal tissue after damage or disease [64,65,86,87].
Therefore, collagen gels laden with corneal MSCs may have potential to
address the global shortage of donor corneas required for allograft
transplantation to treat corneal blindness.

Generally, tissue applications for which this collagen IPN would be
most advantageous are those in which the engineered scaffold must
permit cells to spread and form networks while remaining mechanically
robust. In addition to corneal tissue—the exemplary application
described here—other cell types and tissues of interest may include fi-
broblasts for engineered skin, skeletal muscle cells for engineered
muscle, and cardiomyocytes for engineered heart tissue [88-90]. In the
human body, these collagen-rich organs contain contractile cells with
dynamic behaviors. Therefore, tissue engineering approaches require a
scaffold that permits dynamic cell spreading and local matrix reorga-
nization while preserving bulk structural stability of the tissue model or
implant. Based on the cell type and downstream application, the con-
centrations and ratios of PHYS and SPAAC collagen within the IPN may
be varied to tune the material properties. For each target tissue, one can
first select a total concentration of collagen that results in the appro-
priate matrix stiffness. For example, we have previously demonstrated
that engineered matrix stiffnesses between 100 and 1000 Pa are suitable
for corneal tissue engineering; this typically corresponds to a total
collagen concentration between 3 and 8 mg/mL [17,31]. Given a spe-
cific concentration of collagen, the ratio of PHYS to SPAAC collagen may
then be modulated to adjust for the structural biomaterial stability
required to counteract contraction forces exerted by encapsulated cells.

Furthermore, we expect that the collagen IPN could be adapted as a
bioink for 3D bioprinting in order to create engineered tissue constructs
with bespoke 3D geometries [91,92]. The lower molecular weight of the
PEG-DBCO crosslinker (10 kDa) allows it to readily diffuse. Therefore,
the SPAAC crosslinker can diffuse from the support bath used in
embedded 3D bioprinting into the printed bioink, to covalently crosslink
the SPAAC network component of the bioink after printing [17,93]. This
would expand the potential for creating patient-specific collagen im-
plants with tunable properties.

Overall, this collagen IPN offers a versatile foundation for developing
hydrogel scaffolds that bridge the gap between cellular functionality and
material stability to improve the efficacy and reliability of bio-
engineered collagen hydrogels.
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5. Conclusions

In summary, we have developed an IPN based on two collagen net-
works that effectively integrates physical self-assembly (fibrillar, PHYS
collagen) with covalent crosslinking (amorphous, SPAAC collagen). The
unique crosslinking combination and microstructure of the collagen IPN
promotes spreading of encapsulated cells without compromising bulk
gel stability. By sequentially forming the IPN with (1) fibrillar, PHYS
collagen and then (2) amorphous, SPAAC collagen to fill the interfi-
brillar space, we achieved a fibrillar microstructure similar to PHYS
collagen alone. Importantly, this IPN was able to facilitate the spreading
of encapsulated human corneal MSCs (like PHYS collagen alone) with
negligible amounts of bulk gel contraction (like SPAAC collagen alone).
While corneal cells were used as an exemplary cell type, we expect this
collagen IPN to also be advantageous for other cell types and tissue
applications that require local, dynamic cell-matrix interactions while
preserving the bulk geometry of the biomaterial. Overall, our results
suggest that this engineered collagen IPN holds significant potential for
tissue engineering applications by promoting key cellular processes like
spreading while preserving scaffold shape and stability.
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