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Abstract

Compositional changes in the chemical makeup of hydrogels offers a powerful strategy for fine-tuning
of mechanical properties, enabling specific targeting for different applications. The chemical versatility
exhibited by the tunable system introduced here can be leveraged to address a broad range of
characteristics across the field of tissue engineering — from blood vessels to cartilage, for example, which
demand materials with very different mechanical profiles. Furthermore, we rely exclusively on dynamic,
non-covalent crosslinking to provide opportunities for 3D printing and injectability. This work describes
a highly tunable system based on hydrogen bonding and ionic interactions. Single network hydrogels
were made by exploiting various acrylic monomers including N-acryloyl glycinamide (NAGA) and
acrylic acid (AAc). Additionally, hybrid hydrogels were explored by combining these acrylic networks
with an ionically crosslinked alginate network. By combining orthogonal crosslinking strategies and
altering the ratio between different components in these hybrid gels, a broad range of mechanical
properties is demonstrated. The characteristics were extensively interrogated using tensile testing,
compression testing, and rheological measurements. The final scaffolds were also shown to be non-
cytotoxic in preliminary cell-viability studies for human dermal fibroblasts.

Keywords: Interpenetrating network hydrogels; hybrid hydrogels; dynamic crosslinking; tissue
engineering



Introduction
The ever-increasing attention given to hydrogels as biomaterials has steered the structural design into
various innovative directions. Hydrogels are crosslinked polymer networks containing large amounts of
water (ca. 70-95 wt %). They have great potential to be biocompatible due to their structural similarity
to the extracellular matrix (ECM). Their high water content and chemical versatility have spurred
enormous interest in medical applications like tissue engineering and wound dressings.'” However, the
large span of potential applications requires accessibility to an equally broad range of mechanical
properties, which are often difficult to obtain with compositionally simplistic formulations and
conventional molecular architectures. Especially for load-bearing tissues, such as cartilage in the
meniscus, obtaining the desired mechanical properties remains a challenge. Several design strategies
have been developed to overcome these mechanical limitations.® Double network hydrogels emerged as
a strategy to toughen gels by combining two polymer networks with contrasting crosslinking densities.
" Throughout the years DN hydrogels gained attention as biomaterials as a result of the wide variety of
mechanical properties obtainable, and many of these DN hydrogels have been tested for their
compatibility with modern additive manufacturing technologies.®

Looking toward non-invasive implantation and customizable scaffold constructs, these materials
should ideally be able to be injected.®'* Conventional hydrogels are typically covalently crosslinked.
The permanent nature of covalent linkages renders these materials unsuitable for processing techniques
like injection and 3D printing. On the contrary, dynamic crosslinking strategies such as hydrogen
bonding and ionic interactions offer the possibility for shear-thinning behavior or self-healing properties,
which are critical aspects for injectability or printability. The majority of hydrogels adopt covalent,
irreversible crosslinking for at least one of the networks, while only a small amount of these hydrogels
utilize exclusively dynamic reversible crosslinking strategies, highlighting the need for tough, fully
dynamic hydrogels.®
N-acryloyl glycinamide (NAGA), first reported in 1964, is an appealing building block in this regard."*
NAGA'’s dual amide structure enables interchain hydrogen bonding between poly(N-acryloyl
glycinamide) (PNAGA) repeating units, rendering hydrogels from this polymer remarkably tough.'> '®

The nature of the dynamic hydrogen bonding also renders these hydrogels thermoresponsive, with the



position of the sol-gel transition (i.e., upper-critical solution temperature — UCST) depending on the
concentration and molar mass.'” Combining NAGA with different acrylate monomers such as acrylic
acid, acrylamide, and N-isopropylacrylamide (NiPAAm) leads to copolymers exhibiting a broad range
of sol-gel transition temperatures, and thus offers a convenient handle for fine-tuning the properties.'”

2223 and also

2! This tunable sol-gel transition renders PNAGA gels injectable under various conditions
applicable in 3D printing.?"** %> Owing to the adaptability and structural variations attainable, PNAGA
hydrogels have garnered significant attention for applications in drug delivery”, wound healing ?’, strain
sensors **, and tissue engineering %> %33

This work demonstrates a significant extension of PNAGA as a versatile building block, wherein
we demonstrate a highly tunable system exhibiting an impressive array of mechanical properties. The
remarkable tunability is achieved by variation of the composition and crosslinking in hybrid hydrogels
comprised of two complementary networks with fully dynamic, orthogonal crosslinking. Herein, the
term hybrid hydrogel refers to materials with two networks from distinctly different origins. In this case
we have synthetically derived acrylic networks combined with biologically derived alginate networks.
First, individual single network (SN) hydrogels were prepared, in which both hydrogen bonding and
ionic crosslinking have been leveraged to different degrees. These SN hydrogels comprised acrylic
based networks, which were obtained from combination/copolymerization of monomers N-acryloyl
glycinamide (NAGA) and acrylic acid (AAc). These networks were subsequently combined with a
second network, ionically crosslinked alginate, to obtain hybrid hydrogels. Variations in the alginate
network were made by exploring different ions responsible for crosslinking the alginate chains (Ca*"
and Fe*"). The hybrid materials are conceptually illustrated in Figure 1, accompanied by the respective
polymer structures and orthogonal crosslinkers that are possible between the various constituents.
P(NAGA-co-acrylic acid) can be crosslinked by hydrogen bonding as well as ionic crosslinking (Figure
1C). It can be combined with alginate, a biopolymer with ionizable carboxyl groups that can be
leveraged in ionic crosslinking (Figure 1A), to form interpenetrating network hydrogels (Figure 1B).
Polymer structures containing acrylic acid repeating units can also participate in ionic crosslinking with

the alginate, which is an important aspect that establishes the final material properties (Figure 1E) (vide

infra). Our strategy represents a versatile and easily adaptable approach to finely tune the mechanics of



a complex hydrogel construct, while maintaining a fully dynamic system that is potentially primed for
contemporary delivery and implantation methods, like injection. The results demonstrate a remarkably
broad range of mechanical properties that are accessible through straightforward adjustments to the

recipe. The final constructs are also easily functionalizable for further tailoring in vivo interactions.
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Figure 1: A) Alginate single network hydrogel ionically crosslinked by multivalent cations (M"" = Ca’*
or Fe’*). B) Alginate/Poly(N-acryloyl glycinamide-co-acrylic acid) hybrid hydrogel crosslinked by ionic
interactions between alginate chains and between alginate and acrylic acid and hydrogen bonds
between PNAGA. C) P(NAGA-co-Acrylic Acid) single network hydrogel crosslinked by hydrogen
bonding and ionic interactions. D) ionic crosslinking of alginate by multivalent cations (M™" = Ca’" or
Fe’"). E) Ionic crosslinking in the hybrid hydrogel between alginate and acrylic acid. F) Hydrogen
bonding between NAGA units. G) lonic crosslinking between acrylic acid units.



Results and Discussion

All gels presented in this work are coded as XX-W-a/b/c/M, where W is the weight fraction of water; a,
b, and ¢ are the weight fractions of NAGA, AAc, and alginate, respectively; XX represents the type of
hydrogel (SN for single network hydrogels or IPN for interpenetrating network hydrogels); M represents
the metal ion used for ionic crosslinking (Fe for iron(III), Ca for calcium (II)).

Single network hydrogels.

Single network PNAGA hydrogels were made in a one-step/single-pot method using lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) as a cytocompatible photoinitiator. NAGA was synthesized
according to a previously reported synthesis method (Figure S2, S3, S4). NAGA and LAP (0.4 mol %
relative to NAGA monomer) were dissolved in water, the solution was poured into molds and cured for
30 minutes under UV light (254 nm) at ambient temperature (see Supporting Information for details on
molds and experimental procedure, Figure S1). A series of NAGA-based hydrogels was explored, and
the mechanical properties were compared by tensile tests (Figure 2; Table S1). SN PNAGA gels form
shape-retaining, transparent, colorless gels that show increased strength and elastic modulus with
decreasing initial water content (i.c., increasing polymer content), presumably due to a higher number
of entanglements per chain.** At higher polymer content (e.g., 30 wt % NAGA), these fully dynamic
hydrogels exhibit remarkable mechanical properties in tensile tests (fracture stress = 1.1 MPa, fracture
strain = 500% and Young's modulus, E = 400 kPa). Single network PNAGA hydrogels routinely expel
water after curing due to rearrangements of the hydrogen bonds. Therefore, the gels are soaked in water
after curing until equilibrium water content (EWC) is reached. True water percentages were measured
24 hours after this soaking step. Depending on the initial weight percentage of NAGA in the gel-
precursor solution, different equilibrium water contents were obtained in the final hydrogel constructs

(see Table S2, Figure S5).
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Figure 2: A) Comparison of stress-strain curves of single network PNAGA hydrogels. Higher polymer
concentration leads to tougher materials due to higher degree of entanglements. B) Comparison of
PNAGA and P(NAGA-co-AAc) hydrogels. Addition of 0.5 wt% AAc to the polymer backbone
(green/blue) reduces the toughness of the resulting hydrogel compared to a PNAGA homopolymer
hydrogel (vellow) when no ions or Ca** ions are present. Increase in toughness is only obtained when
addition of 0.5 wt% AAc is combined with addition Fe* ions (red).

Our strategy at this stage was to broaden the array of accessible properties by introducing
complementary components into the original formulations. Hydrogels containing copolymers of NAGA
with acrylic acid were synthesized in an analogous manner to test the effect of hydrogen bonding. AAc
has routinely been used as a component in tough hydrogels, owing to its ability to form strong yet
dynamic hydrogen bonds and ionic bonds with certain multi-valent counterions.”*® However, to date,
its combination with NAGA remains unexplored. Acrylic acid contains a single carboxylate group and
subsequently forms hydrogen bonds that are significantly weaker compared to NAGA’s dual hydrogen
bonds. Copolymerizing NAGA with acrylic acid (figure 2B, green) effectively lowers the concentration
of hydrogen bonds for a given polymer concentration and therefore results in significantly lower

Young’s modulus and toughness compared to homopolymer PNAGA gels (Figure 2B, yellow). We



observed the same effect when diluting the NAGA with an alternative monomer, acrylamide (AAm) to
form SN copolymers with various concentrations. The stiffness decreases monotonically with
decreasing NAGA content, irrespective of the comonomer structure, pointing consistently toward the
hydrogen-bonding as the primary factor contributing toward strength/stiffness in SN gels (Figure S8).
However, the AAc comonomer was strategically explored for ionic crosslinking, which fortifies the
structural integrity as an orthogonal dynamic linkage. Ionic crosslinking occurs in PAAc as a virtue of
a multi-valent counter-ion (e.g., Fe*") complexing with the carboxylate repeating units on the polymer
backbone, provided the pH is high enough to deprotonate the acids. In this work, iron (III) or calcium
(IT) ions were introduced by soaking the pre-formed hydrogels in a 0.1M FeCl; or 0.1M CaCl, aqueous
solution. P(NAGA-co-AAc) hydrogels crosslinked by calcium ions are colorless transparent gels, while
those crosslinked by iron (III) ions are orange transparent gels (Figure 2B). Adding calcium (Ca*") ions
as a crosslinking agent to P(INAGA-co-AAc) hydrogels doesn’t improve the mechanical properties
compared to the same gels without any additional crosslinking added (Figure 2B). On the contrary, the
addition of the ferric ions leads to a higher crosslinking density compared with the non-complexed
copolymer and thus results in an increased elastic modulus and a higher fracture strength. The contrast
between the calcium and iron crosslinked P(NAGA-co-AAc) hydrogels can be explained by the
difference in coordination with acrylic acid’s carboxyl groups. Divalent cations interact with two
carboxyl groups leading to a lower coordination number ((COO),Ca*") compared to trivalent cations
that interact with three carboxylic acid groups ((COO");Fe*). The higher coordination number of iron
leads to a more compact network and a denser crosslinking structure resulting in a significant increase
in the toughness of the resulting gels. Substituting just 0.5 wt% of NAGA with iron crosslinked acrylic
acid increases the Youngs modulus from 74 kPa for SN PNAGA hydrogels (SN-90-10/0/0) to 276 kPa
for SN P(NAGA-co-AAc) hydrogels (SN-90-9.5/0.5/0/Fe) (Table S2, Table S4 & Figure S7).

Like single network PNAGA gels, the higher crosslinking density causes the gels to expel some
of the water from the initial formulation, leading ultimately to lower water content in the final construct.
Exploiting AAc comonomers demonstrate the tunability of gels that are fortified by dynamic hydrogen
bonding. Varying copolymer composition, crosslinking density, and water content all have a dramatic

influence on the mechanical properties, providing multiple independent handles to fine-tune the



mechanical response. All these single network materials are toughened because of the combination of
dynamic crosslinking and the extensive entanglements of the polymer chains. We surmise that the
threshold for transitioning to a highly entangled initial polymer network occurs between the initial water
concentrations of 70% and 85%, as evidenced by the dramatic increase in tensile strength and toughness.
This is consistent with the observations made by Suo and co-workers in comparing gels made from

initially concentrated precursors versus dilute networks.*

Interpenetrating network hydrogels

Combining two independent polymer networks with contrasting mechanical properties is an
appealing strategy for obtaining toughened hydrogel materials.” Combining alginate as an additional
network with PNAGA offers an orthogonal second type of crosslinking. Alginate is routinely
crosslinked ionically by multivalent cations such as Ca*" or Fe’".*” We surmised that this adds an
additional dimension for expanding both the range of mechanical properties as well as potentially
improving functionality and cytocompatibility. Interpenetrating network (IPN) hydrogels were made
using a procedure similar to the one for single network hydrogels. NAGA, LAP, and alginate were
dissolved in water, and the solution was poured into molds and cured for 30 minutes under UV light
(254 nm) at ambient temperature (see Supporting Information for details on molds and experimental
procedure, Figure S1). Ionic crosslinkers are introduced after curing by soaking the resulting gels in an
ionic solution (CaCl, or FeCls, 0,1M).

As reported in literature, different cations have different effects on the mechanical properties of
the resulting gels owing principally to the different ionic strength and valency.’’ Counterintuitively,
tensile strength, elastic modulus, and elongation at fracture all deteriorate when ionically crosslinked
(both Ca*" and Fe™) alginate is included as a second network with PNAGA gels (Figure 3) at a given
solids concentration in comparison with the SN gels. This can be attributed to the dilution of the
hydrogen bonding compared with pure PNAGA gels and the combination of two highly crosslinked
dynamic networks. Special care was taken to keep the initial water content constant while making the
IPN hydrogels with PNAGA and alginate. Therefore, we compensate for any alginate that is added to

the IPNs by removing a commensurate amount of NAGA, leading intrinsically to a lower degree of



hydrogen bonding compared to the SN hydrogels. Similar to the SN copolymer hydrogels, diluting the
hydrogen bonds by adding an orthogonal network led to a decrease in elastic modulus and tensile

strength (Table S6, Figure S9).
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Figure 3: IPN PNAGA/M-Alginate hydrogels. Tensile stress-strain curves for PNAGA/M" -alginate
double network hydrogels crosslinked by Ca’* or Fe’*. The PNAGA network is crosslinked by hydrogen
bonds while the alginate network is ionically crosslinked by Ca’" or Fe’* ions.

This combination runs counter to the well-established concept of toughened dual network gels, in which
two networks with highly contrasting crosslink densities must be employed.*® The AAm/alginate double
network hydrogels reported by J. Y. Sun et. al., for example, show an increasing modulus with increasing
alginate content and a toughness that reaches a maximum in hybrid gels.* In PAAm/Alginate hydrogels,
the ionically crosslinked alginate network provides an energy dissipation mechanism, while the
covalently crosslinked acrylamide network with its long chains provides extensibility while keeping the
hydrogel in shape. This is not the case for the PNAGA/Alginate hydrogels, as the H-bond crosslinked
NAGA network is too densely crosslinked to enable significant extensibility. With pure PNAGA gels
already being quite tough, addition of alginate does not provide any improvements, particularly in
modulus. We emphasize here, however, that the more conventional PAAm-alginate hybrids contain
covalently crosslinked PAAm networks, and therefore offer no possibilities for recovery after
destructive extension, while PNAGA/alginate hydrogels are fully dynamically crosslinked.

Notably, the single network PNAGA gels perform remarkably well, despite having no
permanent crosslinking. To exclude the possibility of ions such as Ca** or Fe'™ influencing hydrogen
bonding, single network PNAGA hydrogels were exposed to these ions (i.e., CaCl, or FeCls). However,

this revealed marginal influence on the mechanical properties (Figure S6). The actual ion concentrations



were not quantified in these experiments, but visually the Fe™ samples became dark orange in color,
suggesting a significant ion uptake. While there seems to be little mechanical benefit of adding alginate
to the system, it potentially provides opportunities for additional functionality, as it adds the possibility
of improving cell viability by biofunctionalizing the alginate with, for example, RGD peptides, or
increasing the viscosity for 3D printing applications.***

We set out to enhance the mechanical properties of the functionally versatile hybrid gels by
exploiting once again AAc comonomer in the network. AAc monomer was used strategically to fortify
the mechanical integrity of the hybrid hydrogel scaffolds, whereby extraordinarily tough IPN hydrogels
were realized, similarly to the toughened single network PNAGA hydrogels. Both Ca*" and Fe®™ were
introduced for ionic crosslinking in the IPN P(NAGA-co-AAc)/M-alginate hydrogels, with those
crosslinked by calcium being colorless transparent gels and those crosslinked by iron being orange

transparent gels (Figure 4A).
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Figure 4: IPN P(NAGA-co-AAc)/M-Alginate hydrogels a) Visual of P(NAGA-co-AAc)/M-Alginate
hydrogels crosslinked by calcium(ll) or iron (Il). b) Comparison of stress-strain curves of IPN
PNAGA/Fe-Alginate (black) and IPN P(NAGA-co-AAc)/Fe-Alginate (Yellow). c¢) Comparison of stress-
strain curves of IPN PNAGA/Ca-Alginate (black) and IPN P(NAGA-co-AAc)/Ca-Alginate (Blue). d)
Comparison of stress-strain curves of IPN P(NAGA-co-AAc)/Ca-Alginate without ionic crosslinker
(red), crosslinked by iron(Ill) (yellow) or calcium (Il) (blue) as well as IPN P(NAGA)/Alginate (green).
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Similar to the single network hydrogels, introducing 0.5wt% of acrylic acid into the PNAGA
backbone is detrimental to the mechanical properties of the resulting IPN P(NAGA-co-AAc)/Alginate
(IPN-90-9.0/0.5/0.5) hydrogel compared to the IPN PNAGA/Alginate (IPN-90-9.5/0.0/0.5) hydrogel
when no additional ionic crosslinking is added (Figure 4D). This effect is due to further dilution of the
hydrogen bonding and is in line with the observations in single network hydrogels. Upon addition of
Fe’"ionic crosslinker, the tensile strength and modulus greatly improve compared to PNAGA/Alginate,
despite only 0.5 wt % of acrylic acid being incorporated (Figure 4B) while Ca®" leads to a decrease in
tensile strength and modulus (Figure 4C).

Interestingly, in the case of P(INAGA-co-AAc) copolymers crosslinked by iron and calcium,
adding alginate to the hydrogel does improve the mechanical properties (Figure SA&B). Adding just
0.5 wt% of alginate to a P(INAGA-co-AAc) hydrogel leads to an increase in Young’s modulus from 276
kPa for SN P(NAGA-co-AAc) (SN-90-9.5/0.5/0/Fe) to 552 kPa for IPN P(NAGA-co-AAc)/Alginate
(IPN-90-9.0/0.5/0.5/Fe) when crosslinked with iron (Table S4 & Table S10). This illustrates the
importance of the connection formed between the acrylate network and the alginate network through
the ionic interaction between acrylic acid residues and carboxylic acid groups of alginate (Figure 1E).
Further improvement in the mechanical properties can be obtained when the polymer concentration is
increased. When the water content of the gels is decreased from 90% water to 70% water while keeping
the ratio of the components the same, an increase in Young's modulus from 552 kPa (IPN-90-
9.0/0.5/0.5/Fe) to 1.5 MPa (IPN-70-27/1.5/1.5/Fe) is observed (Figure 5C, Table S10). The increase in
tensile strength and stiffness comes at the expense of slightly lower extensibility. This, however, is less
relevant when looking at applications like cartilage tissue engineering, where increased stiffness is a key
feature. Even when looking at ligaments or tendons which have an ultimate strain of 20 to 40%, the

copolymer hydrogels still have excess extensibility.*

11



250
a) 1000+ IPN-90-9.0/0.5/0.5/Fe b) — IPN-90-9.0/0.5/0.5/Ca c) — IPN-70-27/1.5/1.5/Fe
— SN-90-9.5/0.5/0/Fe — SN-90-9.5/0.5/0.0/Ca 20004 IPN-90-9.0/0.5/0.5/Fe
200
800
= _ 1500
& ﬂ.; 150+ &
= 600+ ¢ ¢
-1 @ w 1000
@ 100
@ 4004 § g
7] a n $
200+ /l 50 500 1
|
0% 0 o \

0 1(')0 260 360 4(')0 5(')0 600 0 21')0 4('!0 600 2(')0 450 600
Strain (%) Strain (%) Strain (%)

o

*sample code: XX-W-NAGA/AAc/Alginate/Mn+

Figure 5: A) Comparison of stress-strain curves of IPN P(NAGA-co-AAc)/Fe-Alginate (Yellow) with
iron (Ill) crosslinked SN P(NAGA-co-AAc) (black). B) Comparison of stress-strain curves of IPN
P(NAGA-co-AAc)/Ca-Alginate (Blue) with calcium crosslinked SN P(NAGA-co-AAc) (black). C)
Comparison of stress-strain curves of IPN P(NAGA-co-AAc)/Fe-Alginate made at 90% (vellow) or 70%
(red) water.

Looking at applications that require mechanical properties that mimic load-bearing tissues,
compressive properties are critical. Therefore, SN PNAGA and IPN P(NAGA-co-AAc)/Alginate gels
were tested for their compressive properties and swelling behavior (Figure 6). Gels were typically
swollen for 24 h, after which we surmised that equilibrium had been reached. Swelling for significantly
longer did not result in appreciable changes. In compression testing, the addition of ionically crosslinked
acrylic acid also leads to a remarkable increase in compression modulus from 33 kPa for SN PNAGA
to 383 kPa for IPN P(NAGA-co-AAc)/Fe-Alginate at 90% water (Figure 6a, Table S11). Lowering the
water content of the hydrogels to 70% enables even more pronounced enhancement of mechanical
response. We observed an increase in compressive modulus from 383 kPa (IPN-90-9.0/0.5/0.5/Fe) to
1.6 MPa (IPN-70-27/1.5/1.5/Fe) (Figure 6a; Table S11). Compressive moduli of native cartilage fall
between 1 to 20 MPa, depending on the position in the body. **** While the moduli of the high-water
content hybrid hydrogel fall short of the target, the hydrogels at 70% water reach the lower end of this
range. In fact, water content in native cartilage is closer to 70% water. Further modulation is also

possible with the various component handles built into this versatile hybrid system.
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Figure 6: A) Compression stress-strain curves for SN PNAGA and IPN P(NAGA-co-AAc)/Fe Alginate
hydrogels made at 90% and 70% water. B) Evolution of water content during swelling experiments
measured gravimetrically for SN PNAGA and IPN P(NAGA-co-AAc)/Fe Alginate hydrogels made at
90% and 70% water.

Turning towards oscillatory rheology, we were interested in investigating any dynamic
character of these hydrogels, due to their non-covalent crosslinking mechanisms. Time sweeps, strain
sweeps, and frequency sweeps were measured for SN PNAGA, IPN P(NAGA)/Fe-Alginate, and IPN
P(NAGA-co-AAc)/Fe-Alginate gels (Figure S12 & S13), and the resulting trend in moduli comply with
those from tensile and compression testing (Table S12). Hydrogels that show an increase in Young’s
modulus also have higher shear dynamic moduli G' and G" in time, frequency, and strain sweeps, while
a lower linear stress—strain limit (extensibility) in tensile tests is met with a lower linear strain limit in
rheological strain sweep experiments.

In the frequency sweeps, we do not observe a crossover point at the time scales investigated;
however, we do see significant changes in the loss modulus over frequency for the more dynamic Fe
hydrogels, indicating internal relaxations in the crosslinking as characteristic of dynamic hydrogels. The
single network hydrogels show extremely low frequency dependency of the moduli at lower frequencies,
also indicating that these systems have extremely slow internal network dynamics. Performing a
multimode Maxwell analysis of the limited curves also shows this trend. The single network and IPN
Ca hydrogels all have a longer final (120 s) relaxation mode, that is the major contributor to the network;
the IPN Fe hydrogels have a faster final relaxation mode (60 s), again the major contributor to the

network. While the limited window of the frequency sweep has difficulty capturing longer timescale
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relaxations, we already begin to see differences in the internal dynamics of the hydrogels tested The
plateau modulus, as determined for each mode using the multimode maxwell model, was converted to
the number density of elastically active chains using the affine network theory. The total amount of
elastically active chains increases when additional components are added to the system, which can be
related to an increasing number (density) of crosslinks in the system, which translates ultimately to a
higher modulus (Table S13). Similar to the increase in modulus observed through compression testing,
the addition of alginate leads to an increase in the total amount of elastically active chains. An even
more drastic increase is seen upon the addition of ionically crosslinked acrylic acid together with a
clearly different G" behavior at low frequency.

One downside of using P(NAGA-co-AAc) copolymer is that the higher degree of crosslinking
leads to the gels expelling water over time, even when submerged in water. The copolymer gels made
at 90% initial water content go down to 70% water after being submerged for 14 days while the gels
made at 70% initial water content go down to 60% (Figure 5b; Table S11). However, this is still in the
range of biological tissues such as ligaments and tendons (60% water), epithelial tissue (65% water) or
cartilage (75% water).*® The equilibrium water content (EWC) should be taken into consideration when
designing the system and targeting final mechanical responses. The trends in EWC, however, are
consistent across the range of formulations investigated in this work.

The cytotoxicity of biomaterials for tissue engineering applications is a critical consideration,
ultimately aiming toward constructs that are suitable as in vivo implantations. Fibroblasts,
predominantly present in connective tissues, are commonly used for testing new biomaterials because
they take an active part in the immune response, inflammatory processes and wound healing.*” ** We
evaluated the cell viability of human dermal fibroblasts (HDFs) on 3 key hydrogel formulations, SN
PNAGA, hybrid PNAGA/Alginate and hybrid P(NAGA-co-AAc)/Alginate, to evaluate the effect of
each additional component. After 24 hours, HDFs cultured on all NAGA-based hydrogels (90% water)
showed high viability (most of the cells are stained in green, see Figure 6). Due to the lack of adhesive
sites (e.g. RGD peptide sequence) in all hydrogels, most of cells grew in the bottom of the wells. The
majority of cells cultured on NAGA-based hydrogels without AAc were alive at day 4, while very low

cell viability was found on hydrogels with AAc. Probably, the high swelling observed in both AAc-
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based hydrogels does not allow cells for taking nutrients from culture media. On the other hand, HDFs
were also cultured on the IPN-70-27/1.5/1.5/Fe hydrogel. However, live cells were not observed on that
hydrogel (Figure S11). Probably, the high concentration of iron ions released to culture media affects
the cell viability. The great number of live cells on both single network PNAGA gels (at 90 and 70%
water) and IPN PNAGA/Ca-Alginate hydrogels suggests that these formulations are cytocompatible
with human dermal fibroblasts, and thus potentially promising for tissue engineering applications.
Clearly, caution must be used with iron in biomedical applications. lonic crosslinking in general comes
with concerns about ion leaching, and alternative crosslinking strategies (e.g., dynamic covalent

bonding) should be evaluated as possible alternatives.

SN-90-10/0/0 IPN-90-90/0.5/0.5/Ca IPN-90-90/0.5/0.5/Fe

DAY 1

Figure 6. 10% PNAGA, 9.5%PNAGA/ 0.5% Ca-Alginate and 9.0% PNAGA/0.5% Ca-Alginate/0.5%
AAc hydrogels are cytocompatible for human dermal fibroblasts. Images of HDF cells stained with
calcein-AM (green, live) or ethidium homodimer (red, dead) after 1 and 4 days on the single network
and interpenetrating network hydrogels. Scale bar: 100 um.

Conclusion
We successfully created single network hydrogels consisting of exclusively dynamic cross-linking. By

tuning the ratio of monomers N-acryloyl glycinamide and acrylic acid, the strength of the gels can be
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varied. The dual hydrogen bonding between NAGA units along the polymer backbone already provides
the hydrogels with high stability and strength. When copolymerized with acrylic acid, the gels weaken
because of the dilution of the hydrogen bonding. However, the strength of SN PNAGA gels was
improved by incorporating a small amount of ionically crosslinked acrylic acid, leading to a drastic
increase in elastic modulus and strength. This concept was extended to hybrid hydrogels in which
copolymers of the previously mentioned monomers are combined with ionically crosslinked alginate.
Similar trends were observed for the hybrid gels, with the dilution of the hydrogen bonding leading to
weaker gels. Acrylic acid was used again in combination with iron (III) ions to strengthen the constructs.
In this work, we demonstrated a highly tunable system with mechanical properties in the range of those
of cartilage. While alginate provides little to no added value in terms of mechanical strength, it provides

the possibility of improving cell viability or increasing the viscosity for 3D printing applications.
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