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incubated in a basic solution of diluted sodium hydroxide, which mimicked accelerated degradation
conditions. Encapsulated NIH/3T3 fibroblasts remained viable and proliferated significantly more in stiffer
hydrogel substrates compared to softer gels. Additionally, the collagen secreted by encapsulated fibroblasts
was quantifiably compared using second harmonic generation (SHG) imaging. Fibroblasts encapsulated in
the softer hydrogels secreted significantly less collagen than the stiffer gels. The collagen in these softer gels
was also more aligned than the stiffer gels. The ability to tune collagen organization using hydrogels has
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Abstract
We fabricated photocrosslinked, environmentally responsive alginate hydrogels for tissue
engineering applications. Methacrylated alginate (ALGMA) hydrogels were prepared across a
variety and combination of ionic and covalent (chain growth, step growth, and mixed mode)
crosslinking strategies to obtain a range of compressive moduli from 9.3 ± 0.2 kPa for the softest
ionically crosslinked hydrogels to 22.6 ± 0.3 kPa for the dually crosslinked ionic mixed mode gels.
The swelling behavior of the alginate hydrogels was significantly higher at basic pH conditions.
Stiffer gels consistently swelled to a lesser degree compared to softer gels for all conditions. These
hydrogels were stable – retaining >80% of their original mass for three weeks – when incubated
in a basic solution of diluted sodium hydroxide, which mimicked accelerated degradation
conditions. Encapsulated NIH/3T3 fibroblasts remained viable and proliferated significantly more
in stiffer hydrogel substrates compared to softer gels. Additionally, the collagen secreted by
encapsulated fibroblasts was quantifiably compared using second harmonic generation (SHG)
imaging. Fibroblasts encapsulated in the softer hydrogels secreted significantly less collagen than
the stiffer gels. The collagen in these softer gels was also more aligned than the stiffer gels. The
ability to tune collagen organization using hydrogels has potential applications ranging from
corneal wound healing where organized collagen is desired to epithelial wound scaffolds where a
random organization is preferable.
Keywords: Alginate; hydrogels; crosslinking; pH response; SHG; collagen
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1. Introduction
The human body contains natural tissue environments with dynamic and diverse
mechanical properties.1 Dynamic changes occur from regular maintenance of homeostasis, wound
healing, or a response to implants.2 Cells reside within these tissues ensconced in a threedimensional scaffold known as the extracellular matrix (ECM), which responds to both
macroscopic as well as microscopic perturbations.3 The ECM is comprised of different
combinations of proteins like collagen, glycosaminoglycans, and adhesive glycoproteins which
vary from organ to organ.4 The macroscopic aspects derive from how the ECM provides structural
integrity to the native tissue as well as a separation between different layers of tissue organization.5
On a smaller scale, there are biochemical cues provided by the proteins that comprise the ECM,
such as collagen and fibronectin, that can instigate diverse cell signaling pathways,6,7 alter cell
shape,8 as well as changes in cytoskeletal organization,1,9 and stress fiber formation.10 These
aspects of the cell-matrix interactions are influential for several critical processes including
angiogenesis,11 organogenesis,12 wound healing,13 as well as response to diseases14 and tumor
metastasis.15
The goal of tissue engineering is to recapitulate the natural, dynamic in vivo environment
in order to minimize unwanted host responses as well as replicate lost tissue.16 Tissue engineering
covers not just the obvious motive of improving current healthcare solutions, but also to decrease
costs associated with global healthcare, which is expected to rise to 8% of the US GDP by 2040.17
An ideal material for tissue engineering scaffolds would be biocompatible, mechanically tunable,
and have degradation rates that match those of tissue regeneration.18,19 Natural polymers, with their
similarity to the ECM are easy to obtain, modify, and apply to diverse tissue engineering
applications.20
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Alginate is an anionic polysaccharide which derives from seaweed or bacteria and has been
effectively used as a supporting scaffold or tunable delivery system for tissue repair.21 It can be
easily crosslinked using divalent cations, as well as interact with a wide variety of proteoglycans
and polyelectrolytes. The carboxylic acid moiety on alginate renders it pH-responsive and it can
be used to deliver diverse payloads.22 Unlike conventional cationic crosslinking of hydrogels, we
explored covalent crosslinking facilitated by methacrylation of the alginate backbone so that
alginate could be chemically crosslinked through photoinitiated mechanisms.23 Covalently
crosslinked hydrogels are more stable in vivo, unlike ionically crosslinked alginate which degrades
rapidly due to preferential replacement of divalent cations by monovalent ones.24 UVcrosslinkable methacrylated alginate (ALGMA) hydrogel formulations show structural stability,
tunability of crosslinking mechanisms as well as significant cytocompatibility for use as cellencapsulation platforms to study secretion of ECM proteins in vitro.25,26 ECM proteins like
collagen play a critical role in the structural integrity and cell-material interactions across a range
of biological processes such as the fibrotic response to foreign bodies and wound healing.27,28 Both
fibroblasts and myofibroblasts secrete collagen types I and III, as a critical part of their
mechanotransduction processes.29 There is a need to understand the mechanisms through which
stromal cells sense diverse materials and the kinetics of ECM protein secretion, particularly as to
how dysregulation in collagen deposition has been linked to hypertrophic scars and keloid
formation.30,31 These studies inspired preparation of tunable alginate hydrogel environments that
can be used for studying collagen organization under very soft, responsive conditions.32
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Diverse crosslinking strategies can be employed to fabricate a range of materials properties
of ALGMA hydrogels. Chain growth polymerization can be initiated using photoinitiators via
Irgacure 2959 in a degassed solution of the hydrogel to form dense chains of methacrylated
alginate networks.33,34 Step growth polymerization occurs through thiol-ene photoclick chemistry
wherein the free radical from the photoinitiator cleavage extracts a proton from the thiol crosslinker
to create a thiyl radical. Subsequent propagation of the step growth mechanism takes place through
the reaction of the thiyl radical and the vinyl group.35 A combination of step and chain growth
mechanisms, termed mixed mode has been previously studied to prepare hybrid covalent
crosslinks in the ALGMA solutions.32,36,37 To further increase the range of mechanical properties,
ionic crosslinking of the covalently crosslinked hydrogels has been done using naturally derived
polymers like alginate38, carrageenan,39 and hyaluronan.40 Collagen secretion levels from
encapsulated fibroblasts has been largely evaluated using fluorescent tagging or SDS-PAGE.41,42
Second harmonic generation (SHG) microscopy allows for sensitive, high-content-imaging of not
just secreted collagen, but also collagen organization.43,44
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In this study, we use SHG microscopy and subsequent data analysis to examine how
hydrogel stiffness can tune collagen organization from aligned to stochastic when encapsulating
NIH/3T3 fibroblasts. The ability to influence collagen organization is a relatively unexplored area
with previous research focused on visualizing the collagen alignment in neocartilage secreted by
primary mesenchymal stem cells showing no direct cause-effect relationships.45 We sought to
decouple the effects of crosslinking density and compressive modulus, as well as crosslinking
mechanism on how scaffolds influence remodeling by encapsulated fibroblasts. For specific
applications such as skin grafts, cartilage repair, and corneal wound healing, being able to tune
collagen organization to avoid compliance mismatch from the local microenvironment will further
improve scaffolds by better recapitulating the native environment.

2. Experimental
2.1. Materials
Medium viscosity alginic acid (CAS 9005-38-3) was obtained from MP Biomedicals
Fisher Scientific (Hampton, NH, USA) and methacrylic anhydride (CAS 760-93-00) was supplied
by

Sigma

Aldrich

(St.

Louis,

MO,

USA).

2-hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone (Irgacure 2959) was obtained from Sigma-Aldrich and dithiothreitol (DTT)
was obtained from VWR Chemicals (Batavia, IL, USA). Other materials were purchased through
Sigma Aldrich and were used as received, unless otherwise stated. Fresh deionized water (MilliQ, Thermo Scientific Nanopure, Waltham, MA, USA) was used throughout this study.
2.2. Methacrylated alginate (ALGMA) synthesis
Methacrylated alginate solutions were prepared based on a previously described protocol.32
A 1% (w/v) solution of medium viscosity alginic acid in DI water was prepared by mixing 2 g
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alginic acid powder in 200 mL of DI water. Methacrylic anhydride (16 mL) was slowly added to
the solution. The pH of the solution was maintained between 8 and 9 using aliquots of 5 M NaOH
at 4 ℃. After 24 h, the methacrylated alginate solution was dialyzed against water using a
molecular weight cutoff membrane of 13,000 Da for two days with dialysate being refreshed twice
daily. The final dialyzed product was lyophilized (4.5 L, Labconco, Kansas City, MO, USA). NMR
was used to confirm methacrylation of the alginic acid. Solutions of alginate and ALGMA were
prepared using standard protocols.46 The % methacrylation was calculated by the relative
integration of the protons from the methacrylate group (𝐼𝐼𝐶𝐶𝐶𝐶2 at δ = 6.0 and 5.6 ppm) and the

methyl group (𝐼𝐼𝐶𝐶𝐶𝐶3 at δ = 1.8 ppm) to the protons from the carbohydrate peak (𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ) using
equation 1 (Figure S1).

% 𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

�

𝐼𝐼𝐶𝐶𝐶𝐶
𝐼𝐼
2 + 𝐶𝐶𝐶𝐶3 �
𝑛𝑛𝐶𝐶𝐶𝐶
𝑛𝑛𝐶𝐶𝐶𝐶
2
3
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

(1)

𝑛𝑛𝐻𝐻
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

2.3. Hydrogel fabrication and characterization
The stock solution for methacrylated alginate hydrogels was prepared by dissolving 300
mg of ALGMA and 10 mg of Irgacure 2959 in 10 mL of DI water. Step growth, chain growth and
mixed mode polymerization was conducted to obtain a range of mechanically different hydrogels.
The step growth polymerization was obtained by adding 250 µL of 4 mg/mL dithiothreitol (DTT)
to the stock solution. Chain growth polymerization was conducted by degassing the stock solution
under vacuum. Mixed mode polymerization was obtained by adding the 250 µL of 4 mg/mL DTT
followed by degassing. All hydrogels were crosslinked by exposure to UV light (365 nm, 2 W/cm2)
for 10 minutes. Dually crosslinked ALGMA hydrogels were fabricated by adding 100 µL of 0.2
M SrCl2 after exposure to UV light.
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To measure the compressive modulus of the ALGMA hydrogels, plugs (6 mm thick, 16
mm diameter, n = 4) were prepared for testing. These hydrogel samples were placed between two
glass slides, on which sequential series of weights were added. Image J (NIH, Bethesda, MD,
USA) was used to evaluate changes in height and cross-sectional area of the hydrogel samples in
response to the weights. The slope of the linear region in the stress strain curve over a strain range
of 5-15% was defined as the compressive modulus.
Swelling ratios of the different crosslinked hydrogels (n = 3) were measured after drying
at room temperature. These hydrogels were swollen in acetate buffers (1 mM) and maintained at
pH 3, 5, 7.4, and 9 for two days. The swelling ratios were subsequently calculated after
analyzing the recorded dry and wet weights using equation 2 where Md is the dry mass and Mw is
the wet mass.
Swelling ratio =

2.4. In vitro degradation

M𝑤𝑤 −𝑀𝑀𝑑𝑑
𝑀𝑀𝑑𝑑

(2)

To test the degradation of the hydrogels, the gels were placed in accelerated degradation
conditions (0.1 mM NaOH). After equilibrating these gels for one day in solution, masses were
recorded for each consecutive day. The % mass remaining was compared with the initial mass and
recorded for each time-point.
2.5. Cell culture and proliferation assay
NIH/3T3 fibroblasts (ATCC, Manassas, VA, USA) were passaged at 37°C with 5% CO2
in Dulbecco’s modified Eagle’s medium (Cellgro, Thermo Scientific, Waltham, MA, USA)
supplemented with 10% bovine calf serum, penicillin (100 U/L), and streptomycin (100 μg/mL),
referred to as complete medium (CM). Cell suspension aliquots of 200 μL (1 × 107 cells/mL) were
mixed 300 μL of the different hydrogel solutions and were pipetted into 48 well plates. For each
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plate, live and dead controls were made by plating cells directly on tissue culture plastic. The plates
were incubated for 48 h. The medium in the dead control wells was aspirated and replaced with
300 μL of 70% ethanol for 10 minutes. Subsequently, the supernatant in all wells was aspirated.
To each well 150 μL of working solution (2μM calcein AM (AnaSpec, Fremont, CA, USA) and
7.5 μM of 7-aminoacinomycin D (Tonbo Biosciences, San Diego, CA, USA) in phosphate
buffered saline (PBS)) was added and the plates were incubated for 30 – 40 min at 37°C in 5%
CO2. Fluorescent images were taken using EVOS Floid Cell Image Station (Thermo Scientific)
with the red (excitation/emission 586/646 nm) and green channels (482/532 nm) set to visualize
the dead and live cells respectively. Live and dead cells were quantified at an excitation/emission
of 485/528 nm and 645/490 nm, respectively, using a plate reader (BioTek Synergy HT
Multidetection Microplate Reader, Biotek, Winooski, VT, USA). The percentage of live cells was
determined using the following equation:
% 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 =

𝑭𝑭(𝟓𝟓𝟓𝟓𝟓𝟓)𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 − 𝑭𝑭(𝟓𝟓𝟓𝟓𝟓𝟓)𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪

𝑭𝑭(𝟓𝟓𝟓𝟓𝟓𝟓)𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 𝑪𝑪𝑪𝑪𝑪𝑪𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓 − 𝑭𝑭(𝟓𝟓𝟓𝟓𝟓𝟓)𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪

× 𝟏𝟏𝟏𝟏𝟏𝟏%

(3)

where 𝑭𝑭(𝟓𝟓𝟓𝟓𝟓𝟓)𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 is the fluorescent signal at 528 nm from the cell laden samples,

𝑭𝑭(𝟓𝟓𝟓𝟓𝟓𝟓)𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 is the fluorescent signal at 528 nm from the lysed control samples, and

𝑭𝑭(𝟓𝟓𝟓𝟓𝟓𝟓)𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 is the fluorescent signal at 528 nm from the control samples.
2.6. Second harmonic generation microscopy of the gels

Equal volumes of suspended NIH/3T3 fibroblasts (1 × 107 cells/mL) were mixed with
hydrogel solutions. The cell-gel suspension (100 μL) was pipetted between two coverslips, which
were exposed to UV light (365 nm, 2 W/cm2) for 10 min. These gelled samples were then placed
in Petri dishes containing CM. Medium was replaced every three days. Negative controls were
prepared by crosslinking the gels without cells. All samples were preserved in 10% formalin before
imaging.
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A mode-locked Ti: Sapphire laser (100 fs pulse width, 1 kHz repetition rate obtained from
Libra, Coherent, Santa Clara, CA, USA) that operates with an 800 nm fundamental, was used to
image all samples. A half-wave plate and Glan-Thompson polarizer (Thorlabs, Newton, NJ, USA)
was used to control the power at the sample stage. The second harmonic signal from the interaction
with the samples was collected in transmission mode.
To image these samples, an inverted microscope (Amscope, Irvine, CA, USA) and a Nikon
Plan Fluorite objective (20 ×, 0.50 NA, 2.1 mm WD, Nikon, Melville, NY, USA) was used to
focus the beam. The SHG transmission was collected using a Nikon water immersion objective
(40 ×, 0.8 NA, 3.5 mm WD, Nikon). This signal was reflected by a dichroic mirror (DMLP425T,
Thorlabs). Two short pass filters < 450 nm (FGB37M, Thorlabs) and an 808 nm notch filter (NF808.0-E-25.0M, Melles Griot, Rochester, NY, USA) were used to separate the signal from the
fundamental beam prior to detection by the intensified charge couple device (iCCD, iStar 334T,
Andor, Belfast, UK). A Glan-Thompson polarizer and a half-wave plate mounted on a motordriven rotational stage (Thorlabs) was used to generate linear polarized light to conduct polarized
SHG imaging. Images of the samples were acquired at every 10° from 0° to 350°. For every
experimental condition, images were collected in triplicate. The regions of interest (ROIs) were
analyzed and fit using the following equation:
𝜒𝜒

2

𝜒𝜒

2

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑐𝑐 ∙ ��𝑠𝑠𝑠𝑠𝑠𝑠2 (𝜃𝜃𝑒𝑒 − 𝜃𝜃𝑜𝑜 ) + �𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧 � 𝑐𝑐𝑐𝑐𝑐𝑐 2 (𝜃𝜃𝑒𝑒 − 𝜃𝜃𝑜𝑜 ) � + �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥 � sin2�2(𝜃𝜃𝑒𝑒 − 𝜃𝜃𝑜𝑜 )��
𝜒𝜒

𝜒𝜒

𝑧𝑧𝑧𝑧𝑧𝑧

𝑧𝑧𝑧𝑧𝑧𝑧

(4)

where 𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧 and 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥 are the second-order susceptibility tensor element ratios, 𝜃𝜃𝑒𝑒 and 𝜃𝜃𝑜𝑜 are
𝑧𝑧𝑧𝑧𝑧𝑧

𝑧𝑧𝑧𝑧𝑧𝑧

the incident polarization angle and collagen fiber angle, respectively, and c is a normalization
constant. Each ROI was individually analyzed for the orientation of collagen within it. A histogram

was generated detailing the orientation of the collagen in the entire image. The organization of
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collagen was evaluated based on the full-width at half maximum (FWHM) of the Gaussian fit of
the histogram.
2.7. Statistical analysis
Data generated was statistically analyzed and the values are reported as mean ± standard
deviation (SD). Mean comparisons were determined to be statistically significant via a two-way
ANOVA. Tukey’s honest significant difference test was used to evaluate the pair-wise
comparisons. Statistically significant differences were identified for p < 0.05.

3. Results
3.1. Characterization of ALGMA hydrogels
Characterization of the ALGMA was conducted using 1H NMR spectroscopy (Figure S1),
based on a previously described protocol.47 Peaks appearing at 6.0 and 5.6 ppm were assigned to
the methacrylamide protons confirming methacrylation of the alginic acid. The extent of
methacrylation was calculated to be 27 ± 2% using equation 1. The mannuronic acid content was
determined to be 50 ± 2%.

3.2. Compressive moduli
The compressive modulus of medium viscosity ALGMA hydrogels was modulated via
different crosslinking methods.32 Comparisons of the compressive moduli of the different hydrogel
preparations are shown in Figure 1. Stiffness significantly increased from 9.3 ± 0.2 kPa for step
growth, 13.0 ± 0.3 kPa for chain growth, and 15.2 ± 0.2 kPa for the mixed mode conditions. Dually
crosslinked hydrogels were formed by incubating the hydrogels in 0.2 M SrCl2 and had
compressive moduli ~7 kPa higher than the covalently crosslinked gels. These gels had
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compressive moduli of 16.7 ± 0.3 kPa for ionic step growth, 20.2 ± 0.4 kPa for ionic chain growth,
and 22.6 ± 0.3 kPa for the relatively stiffest formulation of the ionic mixed mode condition. The
non-methacrylated ionic alginate hydrogels had a compression modulus of 8.3 ± 0.3 kPa. In
comparison to the very low viscosity ALGMA hydrogels which showed a range of 0.7 ± 0.1 to
2.24 ± 0.1 kPa from our previous study,32 these medium viscosity-based gels were significantly
stiffer, thus depicting two completely different ranges of mechanical environment. These distinct
ranges of mechanotransducive cues provide us with a good comparison of cell responses to stiff
substrates (similar to what is observed for musculoskeletal environments48,49) and soft substrate
(similar to fatty tissue in the liver50 or healthy lung tissues49,51).
3.3. Swelling response
The swelling response of these hydrogels was examined to evaluate their suitability as
scaffolds for wound healing applications.46,52 By controlling the crosslinking density, swelling
responses can be tuned and delivery kinetics of potentially encapsulated drugs can be
controlled.53,54 Softer hydrogels were able to swell to a greater extent than the stiffer hydrogels.
Under basic conditions, the swelling response was significantly higher for all hydrogels compared
to swelling in acidic conditions (Figure 2). This swelling response plateaued at pH 9 for the mixed
mode and all three dually crosslinked hydrogels, which were the stiffer gels (>15 kPa). Swelling
was not statistically significant for the dually crosslinked hydrogels at pH 3 and at pH 5. One
interesting finding was that at pH 7.4 and 9, the swelling response increased from the mixed mode
gels to the ionic step growth gels and then decreased again. This may result from the Sr2+
interaction with the free carboxylic acid groups, mitigating the otherwise downward trend.
3.4. Degradation kinetics
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Hydrogels should have degradation kinetics that are similar to the tissue regeneration rate
in which they are implanted.55,56 All of the hydrogels in this study were incubated in 0.1 mM NaOH
to mimic accelerated degradation conditions (Figure 3). There were no statistical differences
observed for the degradation kinetics of the covalently crosslinked hydrogels, with the three dually
crosslinked hydrogels showing a relatively more stable response. The hydrogels degraded to 50%
of their original mass over 31 ± 3 days for the covalently crosslinked hydrogels, while the half-life
decreased to 25 ± 3 days for gels with additional ionic crosslinks.
3.5. Cytocompatibility of ALGMA hydrogels
One of the major prerequisites for any viable hydrogel used in biomedical applications is
cytocompatibility.18,57 Live/dead assays were conducted to evaluate the cytocompatibility of the
different ALGMA hydrogels encapsulating NIH/3T3 fibroblasts. The encapsulated fibroblasts
were imaged and compared after 48 hours of incubation, and the proliferation was normalized to
the cells cultured on tissue culture plastic (Figure 4). There was a steep increase in cell
proliferation from step growth (27 ± 4 %) to chain growth (51 ± 1 %). Cell proliferation plateaued
at ~ 60% for the dually crosslinked hydrogels, with values of 56 ± 2, 57 ± 1, and 62 ± 1 % for the
ionic step growth, ionic chain growth, and ionic mixed mode hydrogels, respectively. These results
indicated that there may be a threshold hydrogel stiffness for the medium viscosity ALGMA
hydrogels beyond which increased stiffness does not improve cell proliferation.
3.6. SHG microscopy
Encapsulated fibroblasts have been studied for their ability to synthesize collagen under
diverse cell culture conditions.58 SHG microscopy allows sensitive visualization of collagen
secreted by these encapsulated cells as collagen is a non-centrosymmetric protein that is known to
be SHG active. Collagen secretion levels were normalized to the background obtained by imaging
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non-cell laden hydrogel controls that had been incubated under identical conditions. Across the
different hydrogel conditions there was an increase in collagen levels on day 7 compared to day 5
(Figure 5). For all but one of the cell-hydrogel samples (ionic chain growth), the collagen levels
on day 10 were significantly lower than the day 5 values. Collagen levels were positively correlated
(R = 0.98) to the modulus of the hydrogel for all materials studied here (Figure S2). Ionic chain
growth and ionic mixed mode hydrogels caused the fibroblasts to produce more collagen after 5
days of culture than the other hydrogels. There were significant differences observed for the
increase in normalized collagen levels particularly for measurements taken on day 7 and day 10.
Collagen organization can influence cell morphology and proliferation.59,60 It is also a
biomarker for tumor progression.61,62 In comparing the organization of the collagen secreted, and
possibly rearranged by the fibroblasts,62–65 there was an interesting trend in which softer gels
resulted in more organized collagen, while stiffer gels resulted in less organized collagen (Figure
6). Figure 6A shows the orientation maps in which ROIs in which collagen was detected are
represented with lines that depict the collagen orientation angle. These angles were color coded to
better illustrate regions where collagen organization is similar. For the step growth gel, large
regions of red and blue orientation angles can be seen. When the compressive modulus is increased
to the mixed mode hydrogel, there do not appear to be clear regions of organization, suggesting
that collagen organization is isotropic. To quantify collagen organization, the orientation angles in
Figure 6A were plotted as a histogram and fitted with a Gaussian. The full-width at half maximum
(FWHM) was then plotted against the Young’s modulus of the gels (Figure 6B). Larger FWHMs
signify disordered collagen while narrow distributions are more aligned and have smaller FWHMs.
As seen in Figure 6B, collagen organization decreases (FWHM increases) as the Young’s modulus
increases. This trend appears to reach a plateau or possibly decrease for ionic chain growth and
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ionic mixed mode gels, which have compressive moduli > 20 kPa. The line in the figure is a guide
for the eye. Mechanical properties have previously been shown to influence cell proliferation in
which stiffer substrates corresponded to upregulation of protein secretion.66 Conversely, previous
studies have also shown that patterned protein presentation can be used to spatiotemporally tune
stem cell differentiation, independent of the mechanics of the encapsulating hydrogel.67 The
empirical evidence presented on the influence of the hydrogel crosslinking method on collagen
organization secreted by encapsulated fibroblasts demonstrates how materials can influence host
responses to tissue engineered scaffolds.
4. Discussion
In this study, ALGMA hydrogels were synthesized through previously described protocols
by reacting medium viscosity alginic acid precursor with methacrylic anhydride.32 Key properties
of these tunable hydrogels were analyzed including the compressive moduli, degradation kinetics,
and swelling responses to different pH environments. The resulting empirical observations
indicated that the medium viscosity ALGMA hydrogels are suitable for fabrication of
cytocompatible scaffolds for studying collagen secretion and organizational changes by
encapsulated fibroblasts.
4.1. Methacrylated alginate hydrogels have tunable mechanical properties and are
cytocompatible
Most cells are anchorage dependent and adhere to underlying substrates forming focal
adhesions. This cell-substrate interaction senses substrate stiffness by the cell reaching out through
the actin-myosin cytoskeleton and is critical to the subsequent expression of secreted proteins as
well as differentiation to activated phenotypes.8,50 Ionic, covalent, and a combination of the two
(dual crosslinking) crosslinking mechanisms were employed to prepare medium viscosity
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ALGMA hydrogels with compressive moduli in the range of 8.3 ± 0.3 to 22.6 ± 0.3 kPa (Figure
1). From these measurements, it is evident that there is a considerable influence from both the
alginic acid precursor as well the crosslinking mechanism on the compressive moduli with our
previously studied very low viscosity based ALGMA hydrogels restricted within a range of 0.5 ±
0.1 to 2.2 ± 0.1 kPa,32 compared to the significantly stiffer ones synthesized here from medium
viscosity precursors. The overall trend of the increase in compressive moduli conforms to the
theory of rubber elasticity.32,68 We are primarily concerned with how hydrogel properties can
influence collagen organization. As such, this range of mechanical environments will allow us to
disentangle trends between hydrogel stiffness and collagen alignment as this range of moduli
traverses previously observed thresholds for fibroblasts to express actin stress fibers and
differentiate to myofibroblasts.69,70 Some studies have indicated the presence of an intermediate
stage of proto-myofibroblasts that do not express α-smooth muscle actin, while still showing
significantly higher overall actin expression.71,72 Another study used chemically modified, soft
alginate hydrogels with compressive moduli over the range of ~10 to 12 kPa, that showed low
immune cell activation, and significantly reduced fibrotic response.73
Acute wound sites show rapid transition in pH from slightly acidic immediately after injury
to basic conditions during granulation tissue formation, to more neutral levels upon
reepithelialization.74,75 Chronic wounds remain slightly alkali, which makes the wound site more
susceptible to opportunistic pathogens.75,76 Hence, an important aspect of designing biocompatible
scaffolds from naturally derived, anionic polymers is utilizing their natural tendency to swell under
basic pH conditions.77,78 Responsive scaffolds that swell in alkaline pH can be used for delivering
payloads of cytokines and chemokines that boost the natural wound healing process.79,80 As the
crosslinking density is inversely related to the swelling response,68 it was expected that the softer
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purely ionically or covalently crosslinked hydrogels would swell more than the dually crosslinked
gels. This trend held for previously studied very low viscosity ALGMA gels,32 as well as the gels
prepared here from medium viscosity alginic acid (Figure 2). All the ALGMA hydrogels swelled
the most at the pH 9 condition, which makes these viable materials for preparing scaffolds for
chronic wound treatments. Further studies can be conducted to evaluate the kinetics of using such
responsive hydrogels for drug delivery to chronic wounds, by studying the transport of clinically
relevant biomolecules from swollen hydrogels.22 An environmentally responsive scaffold that can
be tuned to deliver payloads of wound-healing relevant growth factors or patient-derived stromal
cells could personalize wound care management with minimal adverse biological responses.84,85
The degradation of hydrogels results in decreased crosslink density over time.86 Alginate
hydrogels are very stable in PBS. Thus, to measure hydrolytic degradation, the ALGMA gels were
incubated in a basic solution of 0.1 mM sodium hydroxide.87,88 Covalently crosslinked ALGMA
hydrogels derived from very low viscosity degraded to 50% of their original mass within 6 ± 1
days with dually crosslinking increasing the half-life to 13 ± 2 days.32 The gels fabricated here
were almost 5 times as stable, with half-lives of 31 ± 3 days (Figure 3). However, dually
crosslinking the medium viscosity gels did not increase the half-life (25 ± 3 days). Ideally,
degradation kinetics of the scaffold should match tissue regeneration rates. Potential inflammatory
or fibrotic responses can result if these rates are not equivalent.89 The particular combination of
ionic and covalent crosslinking on catechol-modified alginate hydrogels has been demonstrated as
a viable mechanism for preparation of mechanically congruent, viable and cytocompatible
scaffolds.90 In this study, it was observed that the dually crosslinked hydrogels can be synthesized
with tunable structural integrity that can remain intact for longer incubation and potentially prevent
implant rejection scenarios.
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Scaffolds must be cytocompatible.91 NIH/3T3 cells showed no cell death when
encapsulated in the different crosslinked ALGMA hydrogels (Figure 4). Additionally, the
encapsulated cells had cell proliferation above 50% compared to the controls of tissue culture
plastic (TCP), with the exception of step-growth gels. When looking at the compressive moduli
and cell proliferation, it appears that there was a threshold compressive modulus beyond which
the cell proliferation showed few significant changes with increased crosslinking density. 3D
encapsulation of cells allows for relatively better approximations of the natural in vivo conditions,
as compared to surface seeding studies.18 Comparing the cell morphology in the live/dead assay,
there were no differences for the different hydrogel environments which agrees with Huebsch et
al.66 In an effort to decouple the mechanical effects of 3D modified alginate matrices from the
available calcium ions on the morphology of human mesenchymal stem cells (hMSCs, which are
similar in many ways to fibroblasts), the cells were encapsulated in alginate hydrogels of varying
Young’s modulus and fixed concentration of the RGD motif that was used to increase cell
adhesion. There were no significant changes in morphology observed when cultured for 2h, 24h
and even one week under encapsulated conditions. Such studies indicate the complexity in using
nanoporous cell encapsulation hydrogels such as alginate for studying the changes in cell
morphological responses. The plateaued trend of the cell proliferation to the dually crosslinked
hydrogels introduces the possibility that once the ALGMA hydrogels are uniformly crosslinked
above 20 kPa, it be possible to disentangle the effect of gelation mechanism and the rigidity to
determine which factor holds greater significance on cellular responses.92,93
4.2. Alginate compressive modulus influences collagen organization
Fibroblasts have mechanical memory regarding the stiffness of the substrates they are
cultured on, particularly with respect to how they differentiate to myofibroblasts which has been
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positively correlated to over-secretion of collagen I.49,58,94 The viscoelastic nature of natural tissues
has been replicated to a limited extent in alginate hydrogels for better understanding of cell
interaction that can inform design of effective implants.95–97 Qualitative as well as quantitative
analysis of the secreted collagen using SHG microscopy has allowed for an informed rational
design of biocompatible materials.98,99 Here, we see a significant increase of the collagen levels on
day 7 for all hydrogel conditions compared to day 5 (Figure 5). This was expected as protein
deposition typically increases with culture time. The overall timeline can vary based on several
factors such as size, shape and topography of the environment.100 The positive correlation of the
collagen levels to the modulus of the underlying substrate conformed to previous studies in which
stiffer substrates cause stromal cells to secrete more ECM proteins particularly around day 7 to
day 10.57,101 The decrease in collagen levels beyond day 7 may result from an increase in MMP13 (collagenase).101 These results could also indicate an upregulation in overall cell activity which
may be a precursor for fibroblast-to-myofibroblast differentiation, particularly in the stiffer
microenvironments.102 Similarly, Huebsch et al. found that stiffer alginate hydrogels encapsulating
hMSCs instigated osteogenic differentiation, with a biphasic influence of the modulus on ECM
secretion.66 Beyond just the quantification of the collagen levels, it is of great importance to
understand the influence of collagen organization.59 There is a dearth of studies conducted on the
tunability of local collagen organization using sensitive visualization techniques.
The organization of collagen in the ECM influences the remodeling of wounds,103 as well
as acceptance of implants.98 Aligned collagen is found in specific natural environments such as
mammalian tendons as well as cornea.104,105 Stochastic collagen is present in natural dermis.106
Keeping collagen alignment in mind, we can determine how materials properties will change
cellular responses and this understanding can improve scaffold design for tissue repair in different
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organs.22 Collagen angles were measured using SHG and were plotted using a heat map to better
visualize regions of organization. Softer step growth gels (~10 kPa) can be seen as having a lower
FWHM, which indicates that the hydrogel resulted in more aligned collagen. This can be
visualized in the heat map in which there are large regions of collagen having the same orientation
angle. The FWHM of collagen decreases with increasing compressive modulus, which means the
collagen is more isotropic. The heat map shows that there is a large variation in collagen angles
for the ionic step growth condition (~15 kPa) (Figure 6A). This suggests that not only mechanical
stiffness of the underlying substrate influences collagen response, necessitating further research
on disentangling the influence of crosslinking mechanisms on cell interactions. As this study is
limited to collagen based analysis, future studies on the expression of FAK and MAPK expression
along with quantified immunocytochemical staining of cells cultured in or on such scaffolds could
further elucidate the mechanism that is causing collagen organization.107–109 This study provides
further development of SHG microscopy as a platform for visualizing the influence of materials
properties in tunable hydrogels on how cells sense their local microenvironment.
5. Conclusions
We successfully fabricated methacrylated alginate hydrogels from medium viscosity
alginic acid through ionic, covalent, and a combination of ionic and covalent crosslinking
mechanisms. These mechanisms yielded a range of hydrogels that were stiffer, pH responsive, as
well as significantly more robust under accelerated degradation conditions of incubation compared
to hydrogels fabricated from very low viscosity alginate. NIH/3T3 fibroblasts encapsulated in
these hydrogels showed no cell death and a preferred threshold stiffness above which cell
proliferation was > 60 % compared to TCP controls. Collagen secretion in response to the
encapsulation conditions was positively correlated with the modulus for all environments.
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Collagen was more isotropic for the mixed mode and ionic step growth conditions, whereas the
softer gels resulted in more anisotropic organization. The detailed characterization of the influence
of crosslinking mechanisms for these responsive ALGMA hydrogels indicates the need for
including it as an important factor for the fabrication of tissue engineering scaffolds.
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Figure Legend
Figure 1. Compressive moduli of medium viscosity alginate hydrogels. Compressive moduli
of methacrylated alginate hydrogels crosslinked through the different mechanisms. Data represents
the mean ± SD. n = 3. Statistical analysis through two-way ANOVA and Tukey’s HSD post-hoc
test. * p < 0.05.
Figure 2. Swelling response of the medium viscosity alginate hydrogels in a range of pH
buffers. Hydrogels crosslinked through different mechanisms were swelled in pH 3, 5, 7.4, and 9
sodium acetate buffers. Data represents the mean ± SD. n = 3. Statistical analysis through two-way
ANOVA and Tukey’s HSD post-hoc test. * p < 0.05.
Figure 3. Degradation response of medium viscosity alginate hydrogels under accelerated
conditions. Alginate hydrogels were immersed in 0.1 mM NaOH to mimic accelerated
degradation conditions. Data represents the mean ± SD. n = 3.
Figure 4. Proliferation of NIH/3T3 cells encapsulated in medium viscosity alginate
hydrogels. NIH/3T3 fibroblasts were mixed with ALGMA hydrogel solutions made from very
low and medium viscosity alginic acid and crosslinked under different mechanisms. Cells
cultured on tissue culture plastic served as controls. (A) Representative micrographs of live
(green) and dead (red) cells cultured for 48 h. (B) Quantification of live and dead cells. Data
represents the mean ± SD. n = 6. Statistical analysis through two-way ANOVA and Tukey’s
HSD post-hoc test. Bars with the same letter (A - G) are not statistically different (p < 0.05).
Figure 5. Collagen secretion by NIH/3T3 cells encapsulated in medium viscosity alginate
hydrogels was evaluated using SHG microscopy. Encapsulated NIH/3T3 fibroblasts were mixed
with ALGMA and crosslinked. Collagen signal was normalized to the signal from the respective
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non-cell seeded hydrogel samples. Data represents the mean ± SD. n = 3. Statistical analysis was
conducted for each hydrogel type through two-way ANOVA and Tukey’s HSD post-hoc test. *p
< 0.05 for samples compared to day 5 results. Red, green and blue colored bars represent the step
growth, chain growth, and mixed mode crosslinking mechanisms. Dually crosslinked hydrogels
are shown with additional cross-hatch pattern on top of the original covalent crosslinking color.
Figure 6. Organization of collagen secreted by encapsulated fibroblasts in medium viscosity
alginate hydrogels. Collagen secreted by NIH/3T3 fibroblasts encapsulated in the different
alginate hydrogels were analyzed using SHG microscopy on day 10. (A) Maps of collagen
organization in which the lines are placed on areas where collagen signal was detected, and the
colors represent collagen organization angle. (B) Collagen organization mapped in terms of the
FWHM against the Young’s modulus of the alginate hydrogels. Data represents the mean ± SD. n
= 3. The solid line is a guide for the eye indicating the trend for how collagen organization varies
with changes in the modulus of crosslinked hydrogel. The legend to the organization of the
collagen as seen in the heat-map is provided on the top right. The scale bar is 100 µm.
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