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BIOPHYSICS

Precise control of synthetic hydrogel network structure
via linear, independent synthesis-swelling relationships

N. R. Richbourg"?, M. Wancura®, A. E. Gilchrist®, S. Toubbeh’, B. A. C. Harley®>%”,

E. Cosgriff-Hernandez', N. A. Peppas %8210«

Hydrogel physical properties are tuned by altering synthesis conditions such as initial polymer concentration and
polymer-cross-linker stoichiometric ratios. Traditionally, differences in hydrogel synthesis schemes, such as end-
linked poly(ethylene glycol) diacrylate hydrogels and cross-linked poly(vinyl alcohol) hydrogels, limit structural
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comparison between hydrogels. In this study, we use generalized synthesis variables for hydrogels that emphasize
how changes in formulation affect the resulting network structure. We identify two independent linear correla-
tions between these synthesis variables and swelling behavior. Analysis through recently updated swollen polymer
network models suggests that synthesis-swelling correlations can be used to make a priori predictions of the
stiffness and solute diffusivity characteristics of synthetic hydrogels. The same experiments and analyses per-
formed on methacrylamide-modified gelatin hydrogels demonstrate that complex biopolymer structures disrupt
the linear synthesis-swelling correlations. These studies provide insight into the control of hydrogel physical prop-
erties through structural design and can be used to implement and optimize biomedically relevant hydrogels.

INTRODUCTION
Hydrogels are polymer networks swollen in water or biological flu-
ids that can be used in a range of biomedical applications such as
drug delivery carriers (I), biosensors (2), and soft tissue scaffolds
(3). The functional properties of a hydrogel originate from its struc-
ture at multiple length scales (4), with mounting evidence for the
importance of physical properties in controlling biological behavior
(5-7). Atomic-scale chemical structure of the polymeric repeating
units and pendant functional groups control most of the hydrogel’s
chemical properties, and larger-scale features such as nanoscale mesh
size, microscopic pores, and the overall polymer concentration primar-
ily affect physical properties such as stiffness and solute transport (8).
The diversity of possible structures at each length scale facilitates
a wide range of chemical and physical properties but hinders com-
prehensive analysis of structure-function relationships. Differences
in the reaction schemes used to form polymer networks such as end-
linked poly(ethylene glycol) diacrylate (PEGDA) hydrogels, midpoint-
linked multi-arm PEG (mPEG) hydrogels, and glutaraldehyde-
cross-linked poly(vinyl alcohol) (PVA) hydrogels complicate the
relationship between polymer properties and network properties.
For example, in both PEGDA hydrogels and mPEG hydrogels, in-
creasing molecular weight contributes directly to the resulting net-
work’s molecular weight between cross-links, but in PVA hydrogels,
the molecular weight primarily affects the frequency of chain-end
defects and contributes negligibly to molecular weight between
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cross-links. Broadly applicable structure-based synthesis variables
that address the similarities and differences in reaction schemes are
needed to evaluate universal structure-function relationships.

Swollen polymer network models aim to fundamentally relate
hydrogel structure to physical properties such as swelling, stiffness,
and solute transport. In our recent review, we discussed how these
models can be coordinated to predict stiffness and solute diffusivity
from hydrogel swelling behavior (9). Reliable swelling-based pre-
diction of stiffness and solute diffusivity would enable iterative syn-
thesis and swelling characterization of hydrogels to attain desirable
physical properties for targeted biomedical applications, which would
be a practical improvement over heuristically guided trial-and-error
synthesis with full physical characterization of each system. However,
even iterative synthesis can be costly and inefficient, especially as
hydrogels are formed from increasingly rare or expensive materials
such as DNA (10), bioactive peptide sequences (11), or customized
synthetic polymers (12). As hydrogel synthesis and properties become
more advanced, a synthesis-to-swelling model that could interface
with the swollen polymer network models to make a priori predic-
tions of physical properties will become increasingly valuable. With
this work, we aim to establish the fundamental principles of such a
model in well-established polymer systems before expanding the
approach to more advanced systems.

Here, we investigated the structural similarities between cross-linked
and end-linked synthetic hydrogels using PVA hydrogels and PEGDA
hydrogels. We observed independent, linear correlations between
structurally defined synthesis conditions and precisely measured
swelling ratios in both systems, suggesting a highly controllable re-
lationship between structure and physical properties that was then
validated using data interpreted from previous reports. We then used
swollen polymer network models to estimate and compare molecular
weight between cross-links, shear modulus, and mesh size for each
hydrogel formulation. The synthesis, swelling, and modeling were
repeated with a third system of methacrylamide-cross-linked gela-
tin, which did not replicate the linear synthesis-swelling behavior,
demonstrating the current limitations of structural hydrogel design
in biopolymer hydrogels.
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RESULTS AND DISCUSSION

Cross-validation of volumetric swelling methods

Before analyzing synthesis-swelling relationships, we validated the
accuracy of swelling characterization using two independent meth-
ods for measuring the polymer volume fraction. The mass-based
method obtains a polymer mass fraction by dividing the mass of the
dried polymer network by its mass when swollen in solution and
then calculating the polymer volume fraction using literature values
for the density of the polymer and solution (Egs. 8 to 11). Calcula-
tion of polymer volume fraction based on polymer mass fraction (or
its inverse, mass swelling ratio) is common practice for hydrogel
characterization studies (13-15). However, the mass-based method
relies on the knowledge of polymer and solvent densities and the
assumption of additive volumes. The buoyancy-based method, de-
veloped by Reinhart and Peppas (16), additionally weighs the hy-
drogel sample while submerged in a nonsolvent solution, using the
volume-dependent buoyant force to determine polymer volume
fraction without previous knowledge of polymer and solution densities
(Egs. 3to 5). For each PVA and PEGDA hydrogel formulation stud-
ied in the following sections, the relaxed polymer volume fraction
(¢pr; immediately following hydrogel synthesis) and swollen polymer
volume fraction (@s; following swelling to equilibrium in excess
solution) were measured using both methods.

Mass- and buoyancy-based measurements resulted in highly
similar values of polymer volume fraction (Fig. 1), suggesting that
the polymer densities used in the mass-based calculations are ap-
propriate. The collinearity of the relaxed state and the swollen state
values suggests that the soluble by-products from the hydrogel syn-
thesis, which are present in the relaxed state but washed out while
swelling to equilibrium, do not affect the component densities of the
polymer or the solvent. The low SDs in the PVA and PEGDA for-
mulations indicate that the buoyancy-based method results in precise
measurements of polymer volume fraction. Polymer mass fractions
measurements using the mass-based method were similarly precise,
as indicated by the horizontal error bars, but the precision of the
polymer volume fractions calculated using the mass-based method
could not be determined directly without reliable SD information
for the polymer densities.

In addition to measuring polymer volume fractions, the buoyancy-
based method enables measurement of the density of the hydrogel
in each state. All swollen or partially swollen (relaxed state) hydro-
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gels had densities that were statistically indistinguishable from the
density of water, consistent with the measured polymer volume
fractions indicating that they were all more than 80% water by vol-
ume. However, dry densities of the polymer networks provided an
interesting comparison with literature reports of the dry density for
each polymer. PVA hydrogels, with a reported polymer density of
1.27 g/cm” (17), were found to have a polymer network dry density
0f 1.24 + 0.01 (n = 103). PEGDA hydrogels, with a reported polymer
density of 1.18 g/cm® (13), had a polymer network dry density of
1.20 + 0.06 g/cm’ (1 = 180). Together, these results suggest that for-
mation of a polymer network negligibly affects the dry polymer
density.

From the comparative analysis of mass- and buoyancy-based de-
termination of polymer volume fractions for PVA and PEGDA hy-
drogels, we found that the mass-based calculation may be broadly
sufficient for synthetic polymer hydrogels with well-characterized
polymer densities. However, for more complex systems such as in-
terpenetrating network hydrogels, copolymer hydrogels, and bio-
polymer hydrogels, where density is not well characterized, the
buoyancy-based method provides a highly accurate and polymer density-
independent method for evaluating polymer volume fractions. Fur-
thermore, the three-dimensional (3D)-printed density kit developed
for this study (instructions included in Materials and Methods)
makes the buoyancy-based method broadly accessible. For consis-
tency and high precision within this report, all hydrogel polymer
volume fractions used in the following sections were calculated us-
ing the buoyancy-based method.

Formulation-dependent swelling behavior of

synthetic hydrogels

For each hydrogel system (PVA or PEGDA), a matrix of hydrogel
formulations was synthesized by independently manipulating the
initial polymer volume fraction (¢o) and the expected degree of po-
lymerization between cross-links (N,). Initial polymer volume frac-
tion corresponds to polymer concentration, often reported in literature
as molar or mass ratios. In this investigation, initial polymer volume
fractions are represented by the volumetric fraction to facilitate com-
parison with swelling measurements across polymer systems. The
expected degree of polymerization between cross-links represents
the number of polymeric repeating units between network junctions,
facilitating structural comparison between cross-linked and end-linked
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Fig. 1. Comparison of methods for measuring polymer volume fraction. Polymer volume fractions in the relaxed and swollen states were measured using the mass-
based method and the buoyancy-based method for (A) PVA hydrogels and (B) PEGDA hydrogels. The dashed lines represent the conversion from polymer mass fraction
to polymer volume fraction, which is a continuous function dependent on the polymer and solvent density (pp, pya = 1.27 g/cm’, Pp,PEGDA = 1.18 g/cm?, py, = 1.00 g/cm?).
Buoyancy-based measurements of the hydrogels in the relaxed state and the swollen state are represented as points for each hydrogel formulation, with error bars rep-
resenting SD across multiple samples. (A) PVA hydrogels (n = 6). (B) PEGDA hydrogels (n = 12).
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hydrogel systems. The calculations for initial polymer volume fraction
and expected degree of polymerization between cross-links are provided
in Materials and Methods (Egs. 1 and 2), and the synthesis conditions
for each hydrogel formulation are listed in both structure-based and
standard variables in the Supplementary Materials (tables S1 and S2).

For each formulation, swelling was initially measured and char-
acterized as the relaxed polymer volume fraction and the swollen
polymer volume fraction as described in the previous section. How-
ever, we hypothesized that the relaxed polymer volume fraction
should not change from the initial polymer volume fraction. Mech-
anistically, this result would suggest that the cross-linking reaction
and the formation of the network do not initially strain the polymer
chains. To then isolate the effect of the expected degree of polymer-
ization between cross-linking on swelling to equilibrium, we defined
a new swelling variable, the reference ratio (8), to describe how hydro-
gels swell from the relaxed state to the equilibrium-swollen state. The
calculation for reference ratio is provided in Materials and Methods
(Eq. 6). A reference ratio greater than one indicates swelling from
the relaxed state, and a reference ratio less than one indicates expul-
sion of water from the system to reach equilibrium.

Separating the swollen polymer volume fraction into the relaxed
polymer volume fraction and the reference ratio revealed indepen-
dent linear relationships with the initial polymer volume fraction
and the expected degree of polymerization between cross-links
(Fig. 2). For PVA hydrogels, a global fit of all formulations showed
a nearly one-to-one match of initial polymer volume fraction to re-
laxed polymer volume fraction (¢, = 1.17¢¢ — 0.0062, R*=0.93)
(Fig. 2A). The relationship between initial polymer volume fraction
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and relaxed polymer volume fraction was independent of the expected
degree of polymerization between cross-links except for a deviation
at the lowest degree and high initial polymer volume fraction. The
deviation, with the relaxed polymer volume fraction increasing
nonlinearly with respect to the initial polymer volume fraction, sug-
gests that syneresis occurred, which was confirmed visually. The
PVA hydrogels with expected degree of polymerization of 20 and
initial polymer volume fractions of 7.5 and 10% had droplets of ex-
pelled water on their surface following synthesis, unlike other for-
mulations. Notably, all PVA hydrogel formulations were optically
clear following synthesis, suggesting that the syneresis did not result
from cross-linking-induced phase separation. We discuss plausible
explanations for the syneresis at the end of this section. In PEGDA
hydrogels, the relaxed polymer volume fraction closely matches the
initial polymer volume fraction with no identifiable effects from the
degree of polymerization between cross-links (Fig. 2B). The global
linear fit for PEGDA was a precise one-to-one line (¢, = 1.01¢qg —
0.0001, R? = 0.95). Together, these results suggest that the initial
polymer volume fraction independently controls the relaxed poly-
mer volume fraction in synthetic polymer hydrogels. The one-to-one
relationship suggests that the cross-linking reaction does not cause
swelling or deswelling except in cases of extensive cross-linking, as
observed in the PVA hydrogels.

The expected degree of polymerization between cross-links showed
a strong linear correlation with reference ratio, independent of the
initial polymer volume fraction (PVA: 6 = 0.0090 * N, + 0.53, R> =
0.95; PEGDA: 6 = 0.0085 * N + 0.57, R* = 0.91) (Fig. 2, C and D).
The syneresis seen in PV A hydrogels does not affect the relationship

PEGDA
0.20+
R?>=0.95 ]
= SA
& 0.15- ? o N,=76
£ e m N=139
2 0.10- 2,
5 0 ¥ s Ny =202
s v N =432
@ 0057 N, = 589
0.00 T T T 1
0.00 0.05 0.10 0.15 0.20
Initial PVF (¢,)
PEGDA
8_

R?=0.91

(-2}
1

Reference ratio (6)
Y

_i e ¢y=0.086
21 r"" m u=0.130
] . T_90=0.175
0 200 400 600

Deg. of polym. between cross-links (N;)

Fig. 2. Linear, independent correlations between synthesis conditions and swelling characteristics. Initial polymer volume fraction (¢o) correlates to the relaxed
polymer volume fraction (¢,) in (A) PVA hydrogels and (B) PEGDA hydrogels. Expected degree of polymerization between cross-links (N.) correlates to reference ratio (6)
in (C) PVA hydrogels and (D) PEGDA hydrogels. Dotted lines represent linear fits across all hydrogel formulations for each system with associated R? values displayed on
each graph. Error bars represent SDs (n = 6 for PVA; n = 12 for PEGDA; n = 4 for GelMA).
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between expected degree of polymerization between cross-links and
reference ratio. Together, these results suggest that the expected de-
gree of polymerization between cross-links linearly controls the ref-
erence ratio in synthetic polymer hydrogels, independent of the
initial polymer volume fraction. Unexpectedly, while the correlation
between expected degree of polymerization between cross-links
and swelling is anticipated by the swollen polymer network model
and mechanistically associated with the entropic spring behavior of
polymer chains in a network (9), the experimentally observed inde-
pendence from the initial polymer volume fraction is not. We dis-
cuss this model-experiment discrepancy in greater detail in the
“Modeling molecular weight between cross-links” section.

With these synthesis-swelling experiments, we demonstrated that
synthetic hydrogel swelling, as summarized by the equilibrium-
swollen polymer volume fraction, can be precisely controlled by two
independent structural synthesis variables. Initial polymer volume
fraction controls the relaxed polymer volume fraction unless dis-
rupted by extreme cross-linking, and the degree of polymerization
between cross-links controls the extent of swelling from the relaxed
polymer volume fraction to the swollen polymer volume fraction.
No strong batch variability was observed in PVA and PEGDA hy-
drogels (fig. S1), and all linear fits with SDs and R? values are avail-
able in the Supplementary Materials (table S3). Mechanistically, the
linear synthesis-swelling correlations suggest that the polymer chains
within the network are unstrained following cross-linking, and the
extent of swelling from that relaxed state in excess solution depends
on the entropic spring-like behavior of uncoiling polymer chains.
This relationship is presently validated on PVA and PEGDA hydro-
gels within the studied ranges of initial polymer volume fraction and
degree of polymerization between cross-links. Possible limitations
include loss of linearity as the polymer becomes concentrated enough
for the polymer-solvent interaction parameter to change in response
to the polymer volume fraction (18) or dilute enough to approach
the critical gelation concentration, which would markedly reduce
the efficiency of polymer chains incorporating into the network (19).

In addition to the two independent and linear synthesis-swelling
relationships, two features of the PVA hydrogel swelling dataset re-
quire further consideration. First, there is the syneresis that exclu-
sively affected the two most cross-linked and polymer-dense PVA
hydrogel formulations, and the second feature is the reference ra-
tios that are less than unity for highly cross-linked PVA hydrogels,
indicating systematic deswelling from the relaxed state to reach
equilibrium.

As discussed above, the syneresis only affected the two most highly
cross-linked PVA hydrogel formulations and was not associated

with phase separation. To explain why all formulations with N, = 20
were not affected equally, we note that the total concentration of
glutaraldehyde was highest in the 10% formulation (2.8% v/v 25%
glutaraldehyde solution) and the 7.5% formulation (2.0% v/v 25%
glutaraldehyde solution), with the third highest glutaraldehyde
concentration in the 10%, N, = 30 formulation (1.9% v/v 25% glu-
taraldehyde solution), which did not clearly deviate from the trend.
The 5%, N, = 20 formulation (1.3% v/v 25% glutaraldehyde solu-
tion) did not clearly deviate from the trend. These results suggest
that the final concentration of 25% v/v glutaraldehyde solution should
be kept below 2% to maintain linearity but do not clarify the mech-
anism behind the syneresis. We suggest that it might be a combina-
tion of marginal effects from the synthesis including cooling from
the 90°C used to dissolve the PVA in solution as well as mixing in-
homogeneity of the solution, PVA, and glutaraldehyde, all exacer-
bated by the high concentration of glutaraldehyde. High cross-linking
concentrations, sometimes described as cross-linking densities, have
been associated with skewed, non-Gaussian chain length distri-
butions and chains too short to behave as ideal entropic springs
(9, 20, 21), but it is unclear whether these formulations enter that
regime, especially because the relationship between expected degree
of polymerization between cross-links and reference ratio does not
deviate from linearity with the highly cross-linked formulations.
Further studies with nonspontaneous cross-linking reactions are
needed to evaluate how high cross-linking causes deviation from a
one-to-one initial polymer volume fraction to relaxed polymer vol-
ume fraction relationship.

The reference ratios of the PVA hydrogel formulations range from
0.68 to 1.16, showing a consistent capability for deswelling from the
relaxed state, contrary to previous expectations of hydrogel swelling
behavior. The PEGDA formulations did not deswell, but that may
be because their expected degrees of polymerization between cross-
links were not low enough to cause a reference ratio below one. Notably,
in the next section, which meta-analyzes previous swelling data, PVA
hydrogels and other hydrogel systems showed expected degree of
polymerization between cross-linking-dependent deswelling (Fig. 3),
so the effect is not isolated to our experimental approach or to PVA
hydrogels. If we maintain the possibly limiting interpretation that
the chains of the polymer network are unstrained in the relaxed
state, then deswelling from that state will introduce compressive
strain that must be matched by an inverted value of the mixing term
to reach equilibrium. In effect, the mixing term would have to have
a strong dependence on the degree of polymerization between cross-
links, possibly through changes to the polymer-solvent interaction
parameter. However, such a conclusion has not been presented before
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Fig. 3. Meta-analysis of the relationship between expected degree of polymerization between cross-links (N.) and reference ratio (6). Dotted lines represent linear
fits across all hydrogel formulations for each system with associated R?values displayed on each graph. (A) Data for PVA hydrogels were taken from Canal and Peppas (22)
and Reinhart and Peppas (76). (B) Data for PAAm hydrogels were taken from (23). (C) Data for PEGDMA hydrogels were taken from (24).
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in the literature, and we cannot make this claim with certainty with-
out further validating that rubberlike elasticity and Flory-Huggins
entropic mixing are the only two contributions to equilibrium swell-
ing in synthetic hydrogels. As we show in the “Modeling molecular
weight between cross-links” section, degree of polymerization be-
tween cross-link-dependent deswelling to equilibrium is not the
only experimental inconsistency with equilibrium swelling theory
and modeling revealed by this study.

A major impact of these studies is the ability to apply the synthesis-
swelling relationships described here to synthesize hydrogels with a
targeted equilibrium swelling ratio. Equilibrium swelling ratio can
be calculated by inverting the equilibrium-swollen polymer volume
fraction or by taking the quotient of the reference ratio and the re-
laxed polymer volume fraction. In the following sections, we inves-
tigate whether the linear synthesis-swelling relationships apply to
other hydrogel systems and how those relationships work together
with swollen polymer network models to enable a priori prediction
of stiffness and solute transport in hydrogels.

Meta-analysis of expected degree of polymerization
between cross-links and reference ratio

To evaluate the broad applicability of trends observed in the exper-
imental data, literature data were reanalyzed using the concepts of
expected degree of polymerization between cross-links and refer-
ence ratio (Fig. 3). Because reporting of the relaxed polymer volume
fraction is not yet common practice in hydrogel swelling character-
ization, the relationship between initial polymer volume fraction
and relaxed polymer volume fraction was not analyzed. Instead, the
reference ratio was approximated by substituting the initial poly-
mer volume fraction for the relaxed polymer volume fraction and
therefore dividing the initial polymer volume fraction by the swol-
len polymer volume fraction.

Two separate previous studies by Peppas and colleagues (16, 22)
demonstrated that the linear relationship between expected degree
of polymerization between cross-links and reference ratio remains
valid for PV A hydrogels over a wide range of degrees of polymeriza-
tion between cross-links (Fig. 3A). Notably, the difference between
the linear fits for the two datasets is not statistically significant, al-
lowing a global linear fit (6 = 0.0075 * N, + 0.53, R*=0.98). The
literature-based linear fit has the same Y intercept as the experimental
PVA data gathered in this study but a significantly different slope
(0.0075 versus 0.0090; P = 0.0002). This difference may result from
the nonparameterized differences in synthesis conditions between
studies. Both previous studies used PVA with a number-average
molecular weight of 52,800 g/mol, whereas the current study used
PV A with a number-average molecular weight of 33,900 g/mol. In
addition, the previous studies used sulfuric acid to catalyze the PVA-
glutaraldehyde reaction and methanol as a quencher, whereas the
current study simply created an acidic reaction environment by in-
troducing hydrochloric acid to the solution. Together, these differ-
ences indicate that additional synthesis conditions may affect the
relationship between expected degree of polymerization between
cross-links and reference ratio.

In addition to previous studies on PVA hydrogels, literature data
relating expected degree of polymerization between cross-links to
the reference ratio in a variety of polymer systems were evaluated to
validate whether the linear relationship was broadly applicable
(Fig. 3, B and C). Polyacrylamide (PAAm) and PEG dimethacrylate
(PEGDMA) hydrogels showed highly consistent positive correlations

Richbourg et al., Sci. Adv. 2021; 7 : eabe3245 12 February 2021

(R* = 0.99 for each system) (23, 24). These data contribute to the
argument that expected degree of polymerization between cross-
links and reference ratio is linearly related in synthetic hydrogels.
However, the source studies lack the detail and internal validation
provided in the current study. The substitution of initial polymer
volume fraction for relaxed polymer volume fraction should be fur-
ther validated by characterization of relaxed polymer volume fractions
in multiple systems. To broadly validate fundamental structure-
function relationships in hydrogels suggested by the swollen polymer
network models, more studies with detailed swelling data collection
and reporting are needed.

Modeling molecular weight between cross-links

The average molecular weight between cross-links (M), calculated
from swelling data via swollen polymer network models (9), estimates
the real length of elastically effective chains in a swollen polymer
network based on fundamental thermodynamic contributions of
polymer-solvent mixing and elastic stretching of network chains. Unlike
expected degree of polymerization between cross-links, which rep-
resents the ideal case of a homogeneous network without defects,
molecular weight between cross-links as it is calculated via swollen
polymer network modeling accounts for several chains contributing
no elastic energy due to chain-end defects.

Calculating the molecular weight between cross-links requires
several system-specific parameters. The relevant values for PVA hydro-
gels and PEGDA hydrogels are listed in the Supplementary Materi-
als (table S4). The calculations are described in Materials and Methods
(Egs. 12 and 13), and full descriptions of each parameter are avail-
able in our recent theoretical review of swollen polymer network
models (9). Because the reported values for parameters vary greatly
(see table S5) and their uncertainty is not reported, error estimates
are not included for any values that were calculated using swollen
polymer network models.

To evaluate the practical worth of the linear synthesis-swelling
relationships and to provide some context for the accuracy of the
swollen polymer network models (because error bars are not feasi-
ble), expected swelling values based on the linear synthesis-swelling
relationships were used as alternative inputs for the swollen poly-
mer network models [i.e., in Figs. 4 (A and B) and 5, the symbols
represent calculations based on actual swelling data, and the dotted
lines represent calculations based on the linear synthesis-swelling
relationships].

The average molecular weight between cross-links was calculated
for each formulation of PVA hydrogel and PEGDA hydrogel (Fig. 4, A
and B). Both PVA hydrogels and PEGDA hydrogels showed in-
creasing molecular weight between cross-links with increasing de-
gree of polymerization between cross-links, and the rate at which
molecular weight between cross-links increased with respect to ex-
pected degree of polymerization between cross-links decreased as the
initial polymer volume fraction increased. Synthesis- and swelling-
based predictions closely matched in PVA and PEGDA hydrogels,
except at high degrees of polymerization between cross-links in
PEGDA hydrogels, consistent with the variability observed in Fig. 2D.

The solid black lines in Fig. 4 (A and B) represent the ideal rela-
tionship between the expected degree of polymerization between
cross-links and molecular weight between cross-links, based on a
repeating unit molecular weight of 44 g/mol for both PVA and
PEGDA. The 10% PV A formulations (¢ = 0.100) closely matched
the ideal relationship, and lower initial polymer volume fractions
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Fig. 4. Expected molecular weight between cross-links and reference ratio calculated with equilibrium swelling theory. Expected molecular weight between
cross-links (M ) for each formulation of (A) PVA hydrogels and (B) PEGDA hydrogels. Data were grouped by expected degree of polymerization between cross-links (N.)
and initial polymer volume fraction (¢o). For (A) and (B), symbols represent predictions based on swelling data, and dotted lines represent predictions based on linear
synthesis-swelling relationships. The solid black line represents the ideal molecular weight between cross-links based on the expected degree of polymerization between
cross-links, assuming a molecular weight per repeating unit of 44 g/mol for both PVA hydrogels and PEGDA hydrogels. The equilibrium swelling model was inverted to
predict the reference ratio based on initial polymer volume fraction and degree of polymerization to demonstrate discrepancies with experimental data on (C) PVA
hydrogels and (D) PEGDA hydrogels. For (C) and (D), dotted lines represent best-fit lines. Fitting parameters are provided in the Supplementary Materials (table S3).

shifted toward higher molecular weights between cross-linking,
possibly suggesting that low initial polymer volume fractions re-
duce the efficiency of the cross-linking reaction.

For the PEGDA formulations, a similar trend between initial poly-
mer volume fraction and cross-linking efficiency is apparent, but
with increased separation between formulations at higher degrees
of polymerization between cross-links. This result might suggest
that the end-linking reaction scheme markedly loses efficiency at
high degrees of polymerization between cross-links because of ex-
cessive steric hindrance, but this effect cannot be confirmed through
comparison with PVA hydrogels because the degrees of polymer-
ization between cross-links of the PEGDA hydrogels far exceeded
the degrees of polymerization between cross-links of the PVA hy-
drogels. The same effect might be observed at high degrees of po-
lymerization between cross-links (N; > 100) for PVA hydrogels.
Furthermore, PEGDA formulations at low degrees of polymerization
between cross-links had model-estimated molecular weights be-
tween cross-links below the ideal relationship, suggesting that some
aspect of the swollen polymer network model is flawed in application
to PEGDA hydrogels because network defects should only increase
molecular weight between cross-links above the ideal value. The
analysis of molecular weight between cross-links in PVA hydrogels
and PEGDA hydrogels suggests that the way the network structure
deviates from ideality may be associated with the reaction scheme
used to form the hydrogel, but further studies are needed to clarify
those effects. For example, measurement of the fraction of junctions
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that result in primary loops (25) or redundant connections (26)
might reveal dependencies on the reaction scheme, initial polymer
volume fraction, or expected degree of cross-linking that are not
considered within the swollen polymer network model. Such de-
fects would reduce the number of elastically effective chains or, as
described by Chassé et al. (26), reduce the effective junction func-
tionality, which is currently treated as an ideal value. Overall, the
results validate previous arguments (27, 28) that the modeled mo-
lecular weight between cross-links of a hydrogel system is sensitive
to both the initial polymer volume fraction and the expected degree
of polymerization between cross-links, although the molecular weight
between cross-links of an ideal hydrogel would only be affected by
the expected degree of polymerization between cross-links.

The modeling analysis described above assumed that the swollen
polymer network model is fundamentally correct and fully applica-
ble to real PVA and PEGDA hydrogels. However, the experimental
data indicate a strong linear relationship between degree of polym-
erization between cross-links and the reference ratio that is indepen-
dent of the initial polymer volume fraction. The mixing component
of the modeled relationship scales with the equilibrium-swollen
polymer volume fraction, suggesting that the experimentally observed
linear independent relationship is not possible. To demonstrate this
model-experiment inconsistency, we modeled reference ratio as a
function of relaxed polymer volume fraction and molecular weight
between cross-links according to the model, where relaxed polymer
volume fraction was calculated from the initial polymer volume
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Fig. 5. Expected relationships between synthesis conditions, shear modulus, and mesh size for each formulation of PVA hydrogels and PEGDA hydrogels. Data
were grouped by expected degree of polymerization between cross-links (N¢) and initial polymer volume fraction (o). Symbols represent predictions based on swelling
data, and dotted lines represent predictions based on linear synthesis-swelling relationships. Shear modulus decreased with increasing degree of polymerization between
cross-links in (A) PVA hydrogels and (B) PEGDA hydrogels. Mesh size increased with degree of polymerization between cross-links in (C) PVA hydrogels and (D) PEGDA
hydrogels. Formulations were predicted to fit along a master inverse curve relating shear modulus and mesh size in (E) PVA hydrogels and (F) PEGDA hydrogels.

fraction and molecular weight between cross-links was estimated di-
rectly from the expected degree of polymerization between cross-links
(Fig. 4, C and D). The contrast between experimental results in Fig. 2
(C and D) and modeled results in Fig. 4 (C and D) provides un-
precedented insight on the fundamental limitations of equilibrium
swelling theory. Where the experimental values are collinear and
independent of the initial polymer volume fractions, the modeled
values differ in both slope and intersect with response to the initial
polymer volume fraction (slope, intersect, and R* values provided in
table S3). Furthermore, no manipulation of parameter values, such
as changing the polymer-solvent interaction parameter, was suffi-
cient to force collinearity and volume fraction independence within
the modeled data. Algebraically, the dependence on the relaxed poly-
mer volume fraction could not be eliminated from the model, sug-
gesting that it is conceptually associated with the balance between
mixing and elastic energies from Flory-Huggins mixing theory and
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rubberlike elasticity theory. Together, these results suggest that the
mixing-elasticity balance of equilibrium swelling theory does not match
experimental data from simple real swollen network systems, and
further theoretical development should consider the independent
role of the reference ratio as it relates to the molecular weight be-
tween cross-links.

Structural relationship between shear modulus and

mesh size

From the model-estimated molecular weight between cross-links,
both shear modulus and mesh size were estimated for each hydrogel
formulation (Fig. 5; Eqs. 14 and 15). For PVA hydrogels and PEGDA
hydrogels, estimated shear modulus increased with initial polymer
volume fraction and decreased with an inverse response to increas-
ing degree of polymerization between cross-links (Fig. 5, A and B).
Synthesis-based predictions and swelling-based predictions closely
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agreed, although the synthesis-based predictions systematically un-
derestimated shear modulus at low degrees of polymerization between
cross-links, which may be theoretically interpreted as the result of
extensive cross-linking nonlinearly disrupting swelling and shear
modulus behavior (20, 21). Because of the inverse relationship be-
tween degree of polymerization between cross-links and shear mod-
ulus, small swelling deviations at low degrees of polymerization
create large deviations in the estimated shear modulus. Predicted
shear moduli for PVA hydrogels ranged from 5 to 365 kPa, and pre-
dicted shear moduli for PEGDA hydrogels ranged from 2 to 279 kPa.
Together, these results suggest that adjusting initial polymer volume
fraction and expected degree of polymerization between cross-links
when designing synthetic hydrogels should facilitate precise control
of hydrogel shear modulus over two orders of magnitude.

The estimated mesh size for each system scaled similarly to the
molecular weight between cross-links (Fig. 5, C and D). As with
shear modulus, PVA hydrogels and PEGDA hydrogels were highly
consistent between synthesis-based predictions and swelling-based
predictions of mesh size, indicating that diffusivity of solutes in syn-
thetic hydrogels should be highly controllable by manipulating ex-
pected degree of polymerization between cross-links and initial
polymer volume fraction. PVA hydrogel mesh sizes ranged from 3
to 17 nm, and PEGDA hydrogel mesh sizes ranged from 6 to 69 nm,
which should allow either hydrogel system to control the diffusivity
of bioactive solutes with comparable hydrodynamic radii such as cyto-
kines and growth factors. The predicted relationships between initial
polymer volume fraction, expected degree of polymerization be-
tween cross-links, and mesh size agree with previous experimental
results described by Jimenez-Vergara et al. (15) and Cruise et al. (29).

Changing initial polymer volume fraction and expected degree
of polymerization between cross-links affects both estimated shear
modulus and estimated mesh size, implying that shear modulus and
mesh size are closely correlated. To visualize their relationship, shear
modulus was plotted against mesh size for each hydrogel formula-
tion (Fig. 5, E and F). For both polymer systems, predictions of
shear modulus and mesh size were collinear for all formulations,
effectively creating a master curve. Browning et al. (28) and Munoz-
Pinto et al. (27) reported a similar master curve from experimental
data on PEGDA and mPEG hydrogels. Two important properties
result from the master curves. First, the initial polymer volume frac-
tion and the expected degree of polymerization between cross-links
hierarchically affect hydrogel physical properties. The initial poly-
mer volume fraction can be used as a coarse control method, shifting
along the shear modulus-mesh size curve in relatively large steps,
with increasing initial polymer volume fraction favoring higher
shear modulus and lower mesh size. The degree of polymerization
between cross-links facilitates more precise changes over a smaller
range within the curve. Second, the relationship between stiffness
and mesh size, though it follows the same inverse form for PVA
hydrogels and PEGDA hydrogels, is characteristic of the hydrogel
system. Although PVA and PEGDA formulations vary comparably
over shear modulus, the PEGDA hydrogels exhibit much broader
variation in mesh size. The differences between the curves arise
from the unique parameters for each hydrogel system (table S4),
which therefore provide further means for either tuning each hy-
drogel system or selecting the most appropriate system for the
study. For example, a PVA hydrogel could be made less restrictive
to solutes by decreasing the initial polymer volume fraction and in-
creasing the degree of polymerization between cross-links, but a
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PEGDA hydrogel could achieve high solute diffusivity more easily if
the alcohol side groups in the PVA hydrogel are not chemically
relevant.

Ultimately, the master curves describe the limitations of con-
trolling hydrogel physical properties by manipulating initial polymer
volume fraction and degree of polymerization between cross-links.
Using only these two synthetic handles, shear modulus and mesh
size are inseparable properties in biomedical hydrogels, leaving
many desirable combinations of physical and chemical properties
unattainable. For example, a hydrogel with the chemical properties
of PEGDA, a shear modulus of 200 kPa, and a mesh size of 60 nm
may be theoretically ideal for a drug-releasing implant but may not
be synthetically feasible. Addition of secondary reactive species (27)
and incorporation of dual polymer networks (30) have been pro-
posed as means to independently tune shear modulus and mesh
size, but such changes also change chemical properties in the
hydrogel. Further insightful studies in hydrogel design are needed
to establish robust methods for independently tuning stiffness
and solute diffusivity in hydrogels. Sufficiently robust, polymer-
independent methods with broad applicability across hydrogel
systems would accelerate targeted hydrogel design for biomedical
applications.

Limited control of network structure in

gelatin-based hydrogels

Having established linear synthesis-swelling relationships in synthetic
hydrogels that revealed structural insights into their stiffness-diffusivity
relationships, we investigated whether the relationships observed in
PVA hydrogels and PEGDA hydrogels could be replicated in a bio-
polymer hydrogel system of gelatin methacrylamide (GelMA). GelMA
hydrogels were selected for their frequent use in biomedical appli-
cations (31) and because they are covalently cross-linked via pho-
toinitiated methacrylamide polymerization, which allows control of
the degree of polymerization between cross-links by varying the
extent of methacrylamide functionalization (14). GeIMA hydrogels
were synthesized with a matrix of initial polymer volume fractions
and degrees of polymerization between cross-links (table S6) and
subject to the same analysis as the PVA hydrogels and PEGDA hy-
drogels (Fig. 6 and fig. S2). However, several differences between
GelMA hydrogels and synthetic hydrogels were expected to limit
applicability of the swollen polymer network model. As a biopoly-
mer derived from native tissue, GelMA has greater batch-to-batch
variability than synthetic polymers in both molecular weight distri-
bution and repeating unit (amino acid) variations (14). Further adding
to the complexity is the presence of two major configurations of
gelatin, the random coil and the a helix, which are sensitive to tem-
perature, pH, and solvent (32, 33). These can create additional higher-
order structures of coiled-helix or triple helix associations, driven
by hydrophobic and hydrophilic interactions, hydrogen bonding,
and presentation of side groups by the diverse range of amino acids
(34, 35). Gelatin random coil and helix configurations are thermor-
eversible, with coils dominating at elevated temperatures (>30°C)
and helices at lower temperatures (34, 36). As such, the swelling
studies at room temperature probed the helix-dominated GelMA
configuration, a higher-order structure that can lead to physical en-
tanglements and long-range interactions that introduce increased
variability compared to PVA and PEGDA systems. In addition to
the structural differences, GelMA is more expensive and time-intensive
to produce and characterize than PVA and PEGDA, which resulted
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Fig. 6. Replication of the synthesis-swelling studies on GelMA hydrogels did not yield similar linear synthesis-swelling correlations. (A) Correlation between
mass-based and buoyancy-based polymer volume fraction measurements was unreliable, indicated by the large SDs (n = 4) and deviance from the predicted relationship
(the dotted line; pp, Geima = 1.35 g/cm?, p,, = 1.00 g/cm?). (B) Relationship between initial polymer volume fraction (@) and relaxed polymer volume fraction (¢,) in GelMA
hydrogels (n = 4), with the dotted line and R? value describing the overall fit. (C) Relationship between the expected degree of polymerization between cross-links (Nc)
and reference ratio (6) in GelMA hydrogels (n = 4). (D) Expected molecular weight between cross-links (M ) for each formulation of GeIMA hydrogels. Symbols represent
predictions based on swelling data, and dotted lines represent predictions based on linear fits of the synthesis-swelling relationships. The solid black line represents the
ideal molecular weight between cross-links based on the expected degree of polymerization between cross-links, assuming an average molecular weight per amino acid

of 91.2 g/mol.

in both fewer and smaller samples as compared to the synthetic hydro-
gels (34 total 5-mm GelMA samples, 103 total 18-mm PV A samples,
and 180 total 18-mm PEGDA samples). These sampling differences
confounded analysis of the GelMA samples and limit direct com-
parison between the synthetic hydrogels and the biopolymer hydrogel.

The comparison of polymer volume fraction measured by the mass-
based method and the buoyancy-based method (Fig. 6A) had much
greater SD per formulation and deviance from the ideal mass-volume
relationship [using an average density value of 1.35 g/cm’ for GelMA
(14)] than PV A hydrogels and PEGDA hydrogels. The average mea-
sured dry density for GelMA samples was 1.27 + 0.64 g/cm’ (n = 34).
These results are consistent with the understanding that GelMA
hydrogels have high intrinsic variability based on amino acid vari-
ability and higher-order interactions such as intra-chain hydrogen
bonding. Unlike with PVA hydrogels and PEGDA hydrogels, the
mass-based calculation is not a viable method for accurately mea-
suring the polymer volume fraction of GeIlMA hydrogels, emphasizing
the need for highly accurate buoyancy-based methods for biopolymer
systems.

GelMA hydrogels did not display strong linear relationships be-
tween synthesis conditions and swelling characteristics (Fig. 6, B
and C). The initial polymer volume fraction to relaxed polymer vol-
ume fraction relationship was weakened by high variability in the
relaxed polymer volume fraction data (¢, = 0.64¢, + 0.0206, R*=
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0.09), and the linear fit of expected degree of polymerization be-
tween cross-links to reference ratio resulted, unexpectedly, in a neg-
ative slope (8 = — 0.0056 * N, + 2.09, R*=0.38). We hypothesize that
the GeIMA hydrogels, unlike the synthetic hydrogels whose depen-
dence on degree of polymerization between cross-links is primarily
associated with the entropic spring model, are highly affected by
physical entanglements and intrachain hydrogel bonding (34, 35).
Therefore, reference ratio in GelMA hydrogels can be interpreted as
a balance between covalent cross-links and physical entanglements
(37-39). This relationship could be further investigated by observing
trends at higher temperatures (>30°C) when physical entanglements
(helices) are mitigated and chemical cross-links dominate (36).

We further analyzed the GeIMA hydrogels through the swollen
polymer network model to estimate molecular weight between
cross-links (Fig. 6D) as well as shear modulus and mesh size (fig.
S2). Although we find a similar master curve relating shear modulus
and mesh size (fig. S2C), the nature of GelMA hydrogels breaks many
of the modeling assumptions included in the current swollen poly-
mer network models (such as having a consistent number of jonic
groups per polymeric repeating unit), making further interpretation
unreliable (9). Notably, the estimated molecular weight between
cross-links decreased with increasing degree of polymerization be-
tween cross-links, which is likely a result of the physical entangle-
ments acting as pseudo-cross-links as described in the comparison
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between expected degree of polymerization between cross-links and
reference ratio. This inverse trend is possibly linked to increasing
methacrylamide functionalization leading to a decrease in available
gelatin conformation states, but further studies would be needed to
produce a realistic mechanistic model. Together, the results of our
synthesis-swelling analysis and modeling on GelMA hydrogels in-
dicate that larger datasets must be collected for biopolymer hydro-
gels to account for their natural variability, and more advanced
models are needed for biopolymer hydrogels to account for the
greater complexity of physical interactions governing their structure-
function relationships.

With this study, we demonstrated unprecedented control and
cross-system comparison of hydrogel structure and swelling behav-
ior. Simultaneous analysis of hydrogel swelling using mass-based
measurements and buoyancy-based measurements validated the use
of mass-based measurements in well-characterized synthetic hydro-
gels and demonstrated the importance of buoyancy-based measure-
ments in conditions where polymer density is unreliable. For PVA
hydrogels and PEGDA hydrogels, structural analysis of synthesis
conditions revealed two linear, independent relationships between
synthesis conditions (initial polymer volume fraction and expected
degree of polymerization between cross-links) and swelling behav-
ior (relaxed polymer volume fraction and reference ratio). Further
analysis through swollen polymer network models showed that stiff-
ness and solute diffusivity in hydrogels are fundamentally coupled
to each other through swollen polymer network structure, which
can be precisely manipulated by synthesis conditions. Equivalent
studies on GelMA hydrogels demonstrated that more advanced
models and context-specific experiments will be needed to precisely
control physical properties in biopolymer hydrogels. We anticipate
that the combined ease of performing accurate swelling measure-
ments and the associated ability to predict hydrogel physical prop-
erties from swelling data, as demonstrated in this work, will motivate
more consistent collection and reporting of hydrogel swelling in
future studies. Further fundamental model-driven analysis of structure-
function relationships in hydrogels will accelerate the process of hy-
drogel design for biomedical applications.

MATERIALS AND METHODS

Materials

All materials were purchased from Sigma-Aldrich or Thermo Fisher
Scientific and used without further purification unless specified
otherwise.

Preparation of PVA hydrogels

Eighteen PVA hydrogel formulations were synthesized from PVA
of varying concentrations (5, 7.5, and 10 volume percent) and cross-
linking ratios (40, 60, 80, 100, 120, or 140 mol PVA repeating unit
per mol glutaraldehyde). PV A hydrogels were synthesized as previously
described (18). Briefly, PVA [M,, = 33884, PDI (polydispersity index) =
1.81; measured with aqueous gel permeation chromatography by EAG
Laboratories, Maryland Heights, MO] was dissolved in deionized (DI)
water in a 90°C oven overnight (8 to 16 hours) without stirring. Solutions
were titrated to pH 1.5 with a minimal volume (1 to 3 ml) of 6 N
hydrochloric acid. Glutaraldehyde (25% v/v in DI water) was added
to the desired molar ratio. Immediately following the introduction
of glutaraldehyde, each solution was rapidly stirred and poured into
an 8” x 3" Sigmacote-coated glass mold, covered to prevent evapo-
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ration, and incubated for 3 hours to allow the cross-linking reaction
to proceed. Samples were then cut from the films with biopsy punches
(18 mm diameter) and used for swelling analysis.

PEG molecular weight characterization

Before PEGDA synthesis, PEG number-average molecular weights
(nominal molecular weights of 3.4, 6, 10, 20, and 35 kDa) were mea-
sured via size exclusion chromatography (SEC) carried out on an
Agilent system with a 1260 Infinity isocratic pump, degasser, and
thermostat column chamber containing a guard column (table S2).
Specimens were dissolved in chloroform (2 to 6 mg/ml) at room
temperature and syringe-filtered. Injections (100 pl) were passed
through an Agilent 5-um MIXED-D column with an operating
range of 200 to 400,000 g mol ™" at a flow rate of 0.5 ml/min at 30°C
and a mobile phase of chloroform with 50 ppm (parts per million)
amylene. Separated components were passed through the Agilent
1260 Infinity refractometer and Agilent 1260 Infinity bio-inert mul-
tidetector suite with dual angle static and dynamic light scattering
detectors. Number-average molecular weight (M,,) was determined
using the Agilent Bio-SEC software relative to PEG standards. For
each molecular weight of PEG, three samples were measured with
duplicate injections, and the number-average molecular weight was
calculated from each measurement (n = 6).

PEGDA synthesis

PEGDA was prepared as previously described (28). Briefly, triethyl-
amine (2 molar equivalents) was added dropwise to a solution of PEG
(34, 6, 10, 20, or 35 kDa) in anhydrous dichloromethane under nitro-
gen. Acryloyl chloride (4 molar equivalents) was added dropwise.
The reaction was allowed to proceed for 24 hours and then quenched
with an aqueous solution of sodium bicarbonate (8 molar equiva-
lents). The product was dried with sodium sulfate, precipitated in
ice-cold diethyl ether, and then filtered and dried at atmospheric
pressure for 24 hours and under vacuum briefly. Successful synthe-
sis was confirmed with proton nuclear magnetic resonance spectros-
copy ("H NMR) with a Varian MR 400-MHz spectrometer using a
trimethylsilane/solvent signal internal reference. '"H NMR (CDCl3):
3.6 ppm (m, -OCH2CH2-); 6.5 ppm (s, -CH2-NH-); 6.4 ppm
(m, -CH=CH2); 5.6 and 6.1 ppm (m, -CH=CH?2). Polymers with
greater than 85% acrylation were used in this investigation.

Preparation of PEGDA hydrogels

Fifteen PEGDA hydrogel formulations were synthesized from PEGDA
of varying molecular weights (3.4, 6, 10, 20, or 35 kDa) at three con-
centrations [10, 15, or 20 weight % (wt %)]. PEGDA was dissolved
in DI water, and the photoinitiator Irgacure 2959 (10 wt % solution
in 70% ethanol) was added to 0.1 wt % final solution volume. Pre-
cursor solutions were mixed then pipetted between 1.5-mm spaced
plates and cross-linked with exposure to longwave 4 mW/cm? ultra-
violet (UV) light for 6 min on both sides (Ultraviolet Products
High-Performance UV Transilluminator; 365 nm; Analytik Jena).
Samples were then extracted from the films with biopsy punches
(18 mm diameter) and used for swelling analysis.

GelMA synthesis

Porcine Type A gelatin (#G2500, Sigma-Aldrich, St. Louis, MO)
was functionalized along its backbone with pendant methacrylamide
groups as previously described (40). Briefly, methacrylate anhy-
dride was added dropwise to a rapidly stirring solution of gelatin in
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phosphate-buffered saline (PBS; 1 g/100 ml) heated to 50°C. The
ratio of gelatin to methacrylate anhydride was tuned to control the
extent of functionalization of methacrylamide groups on free amines
(present in lysine groups along the gelatin backbone) (35, 45, and
95% functionalization; quantified by 'H NMR) (40). After reacting
for 1 hour, the solution was quenched with 500-ml warm PBS and
transferred to dialysis tubing for 7 days of purification, followed by
lyophilization until dehydrated.

Preparation of GelMA hydrogels

Nine GelMA hydrogel formulations were synthesized from three
concentrations of GelMA (4, 6, and 8 wt %) and three extents of
methacrylamide functionalization (35, 45, or 95%). GelMA was dis-
solved in PBS containing 0.1 wt % lithium acylphosphinate. For each
sample, 40 ul of suspension was placed in a circular Teflon mold
(5 mm diameter) and cross-linked with exposure to 7.14 mW/cm?
UV light for 30 s (AccuCure ULM-3 Spot, 365 nm, Digital Light Lab).

Calculation of generalized structural synthesis variables

To compare results across hydrogel systems, generalized synthesis
variables were used to describe hydrogel formulations. Instead of
initial concentration of polymer in solvent, often reported as either
a weight-volume fraction or a weight-weight fraction, initial polymer
volume fractions (o) were estimated using known polymer and water
densities (pp, pva = 1.27 g/cm3, Pp. PEGDA = 1.18 g/cms, Pp, GelMA =
1.35 g/cm’, py, = 1.00 g/cm’) according to Eq. 2, where my, is the
polymer mass and m,, is the mass of water (Eq. 1)

1
- ppmw (1)

The expected degree of polymerization between cross-link calcula-
tion followed one of three cases based upon the cross-linking
scheme (Eq. 2).

(A) For hydrogels formed from the random cross-linking of ex-
isting polymer chains such as PVA hydrogels or radical chain po-
lymerization with a low frequency of multifunctional monomers
capable of cross-linking such as PAAm hydrogels, the expected de-
gree of polymerization between cross-links was defined as the moles
of polymer repeating unit in the precursor solution divided by the
moles of the cross-linking agent or cross-linking monomer with a
correction factor for the functionality of the junctions.

(B) For hydrogels formed via end-linking of polymer chains, such
as with PEGDA hydrogels and PEGDMA hydrogels, expected de-
gree of polymerization between cross-links was defined as the number-
average molecular weight of the precursor polymer divided by the
molecular weight of the polymer’s repeating unit.

(C) For GelMA hydrogels wherein cross-linking is defined by the
presence of methacrylamide functional groups, the expected degree
of polymerization between cross-links was estimated by the inverse
frequency of methacrylamide-functionalized amino acids

2*moles polymer repeating unit

f*moles cross-linking agent (A)
N. = MW precursor polymer (B) )
¢ MW repeating unit
! (©)

Frequency of methacrylamide groups
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Volumetric swelling characterization
For all swelling samples, three volumetric measurements were per-
formed in series following cross-linking. All samples were first mea-
sured immediately following synthesis (relaxed state). Samples were
then swollen to equilibrium in either PBS (PVA and GelMA) or DI
water (PEGDA) and measured again (swollen state). PBS-swollen
samples were then desalted by solvent exchange with DI water. Samples
were dried under vacuum (PVA, 40°C; GelMA, 30°C; PEGDA,
room temperature) before a final measurement (dry state).

For each volumetric measurement, hydrogel samples were weighed
both in air and while suspended in heptane or hexane (nonpolar
organic solvents that are insoluble with water and most hydrogel
polymers). The difference between a sample’s mass (m) and appar-
ent mass (") when suspended in the nonsolvent (pps, hept = 0.6635 g/ cm’,
Pns, hex = 0.6928 g/ cm?) was used to determine the sample’s volume
in each condition (Eq. 3). Before each measurement, samples were
superficially wiped dry to remove any unbound water

m—m
V= T

3)

To facilitate accessibility of the buoyancy-based method for analyz-
ing polymer volume fraction, 3D-printed density kits were designed
and manufactured. STL object files for all the 3D-printed parts are
available online (www.thingiverse.com/thing:3972888). For this study,
density kits were printed using poly(lactic acid) on a CraftBot+ printer
(Craftunique Ltd., Budapest, Hungary).

For all datasets, swelling behavior was quantified as the relaxed
polymer volume fraction and the reference ratio. When buoyancy-
based volumetric measurements were used, relaxed polymer volume
fraction (¢;), swollen polymer volume fraction (¢s), and reference
ratio (0) were calculated on the basis of the relaxed volume (V;), the
swollen volume (V5), and the dry volume (V4) (Egs. 4 to 6)

Pr = 7r (4)
_Va

Qs = vs (5)
=

0 = 5. (6)

The buoyancy-based volumetric measurement enabled independent
measurement of the dry density of the polymer network (Eq. 7)

mqg

Pd = Vy (7)

For comparison with buoyancy-based measurements, polymer vol-
ume fraction was estimated from the relaxed polymer mass fraction
(), the swollen polymer mass fraction (), and polymer and wa-
ter densities (Eqs. 8 to 11)

m
Yr = Wf (8)
m
Vs = T ©)
1
Or = —5 T (10)
L)
1
Qs = —577 (11)
i)
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Swollen polymer network modeling calculations
Thermodynamic equations were used to predict hydrogel structural
and physical properties. All parameters used for predictive model-
ing calculations are provided in table S4, with short descriptions of
the parameters in table S5 and further details explaining each param-
eter available in our recent fundamental modeling review (9). The
equilibrium swelling equation (Eq. 12) was used to determine the
effective molecular weight between cross-links (M) for each hydrogel
formulation

1 _ In(-@)+o+ el 12)

2 1
M. —1*(1 —]%)(1 1) Vipp @i}

The functionality of PVA hydrogels was expected to be four based
on glutaraldehyde acting as a small-molecule cross-linking agent at
random points along PVA chains. Because PEGDA and GelMA hy-
drogels are both radically cross-linked, their functionality (f) is un-
known. For GelMA hydrogels, the junction functionality was expected
to be four in most cases, because cross-linking two chains together
is likely to create large amounts of local steric hindrance, preventing
further cross-linking. For PEGDA hydrogels, steric hindrance may
have a smaller effect because the polymer chains are end-linked
rather than cross-linked, enabling higher-functionality junctions.
Furthermore, previous studies using PEGDA and PEG acrylate sug-
gest that the degree of acrylate group polymerization likely exceeds
100 for hydrogel-like synthesis conditions (13). Therefore, the func-
tionality of PEGDA hydrogels was treated as infinity (13), allowing
it to be algebraically eliminated from the predictive modeling equa-
tions. This simplification is fundamentally defensible because the effect
of functionality on molecular weight between cross-links quickly
approaches an asymptotic limit as functionality increases (9).

For PVA and GelMA hydrogels, the frequency of chain-end de-
fects () was also calculated by substituting a polymer molecular weight-
based correction (Eq. 13) into Eq. 12. For PEGDA hydrogels, the
frequency of chain-end defects was estimated on the basis of the ex-
tent of acrylate functionalization of PEG molecules. Under the
simplifying assumptions that all instances of incomplete function-
alization resulted in PEG acrylate molecules and all acrylate groups
react into the network structure [previous studies suggest 78 to 100%
conversion of acrylates with increasing conversion as polymer con-
centrations increases (13)], the frequency of chain-end defects was
calculated by subtracting the extent of functionalization from unity

M.
= 19
From knowledge of the effective molecular weight between cross-links
and hydrogel swelling, shear modulus (G) was calculated according
to rubberlike elasticity theory (Eq. 14)

_rr(1-2)a - Pl
G = RI(1-2)a-1) P ole! (14)

Mesh size for each formulation was calculated using a modified Canal-
Peppas relationship that accounts for the effect of junction func-
tionality and nonvinyl polymer repeating units (Eq. 15)

1

- o ((1-2)rPc MY

e ad((1-3)re )

For calculations based on linear synthesis-swelling relationships,
the linear prediction of ¢, based on @, and 0 as a function of N, were

(15)

Richbourg et al., Sci. Adv. 2021; 7 : eabe3245 12 February 2021

substituted into the predictive calculations, with the swollen poly-
mer volume fraction evaluated as @5 = % (see Eq. 6).

Statistical analysis

Please refer to the figure legends or the relevant sections of Materi-
als and Methods for description of sample size and statistical details.
Each experiment was repeated in triplicate or more (n = 3). Data
are displayed as means + SD. Statistical analysis was performed with
Prism 6 (GraphPad Software, La Jolla, USA), and R?values >0.9 and
P values <0.05 were considered significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabe3245/DC1

View/request a protocol for this paper from Bio-protocol.
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