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ABSTRACT: The yielding and jamming behaviors of packed
granular-scale microgels enable their use as a support medium for
3D printing stable shapes made from liquid phases; under low levels
of applied stress, jammed microgel packs behave like elastic solids and  charged .~
provide support to spatially patterned fluid structures. When swollen ""%™%

in cell growth media, these microgels constitute a biomaterial for YLGN'

ethanol

AIBN —

[ [}
bioprinting and 3D cell culture applications. However, interactions 0/\'3<—
betweep polyelectrol.ytes commonly use'd in microgels and .multl— YL (\9(\/\"/0@ polyelectrolyte
valent ions present in cell growth media may lead to drastic and ! ‘ microgels

adverse changes in rheological behavior or cell performance. To

elucidate these interactions, we design polyelectrolyte microgels with anionic, cationic, and zwitterionic charged species and
investigate their rheological behaviors in CaCl, solutions. We find the rheological behavior of anionic and cationic microgels
follow polyelectrolyte scaling laws near jamming concentrations; the rheological properties of zwitterionic microgels become
independent of CaCl, at high concentrations. We explore the potential application of these microgels as biomaterials for 3D cell
culture through studies of short-term cell viability, population growth, and metabolic activity. We find that the short-term
viability of cells cultured in polyelectrolytes is highly dependent on the chemical composition of the system. In addition, we find
that anionic and zwitterionic microgels have minimal effects on the short-term viability and metabolic activity of cells cultured in
microgel environments across a wide range of rheological properties.
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B INTRODUCTION practically untapped as a biomaterial with limited applications
largely focused on drug delivery and cell encapsulation.'”"?
Recently, jammed microgels have been employed as
sacrificial support materials for 3D printing structures made
from a diversity of soft matter components including polymers,
hydrogels, silicone elastomers, and living cells."*™'® In contrast
to other sacrificial support materials such as polymers with
reversible bonds,'””” packed micelles,”’ and buoyancy-
matched salt solutions,**** jammed granular microgels exhibit
solid-like behavior over long time scales, providing stability to
3D-printed structures.”* When swollen in cell growth media,
microgels can be employed as a support material for 3D

Microscale hydrogel particles, commonly called microgels, can
be packed together to form jammed solids that exhibit
dominantly elastic responses to small levels of shear
deformation.'™* Unlike rigid granular particles, individual
microgels are capable of large deformations and volume
changes, allowing packing fractions to exceed the random close
packing limit of hard spheres.”” Most often, microgels are
composed of charged polymers, which strongly drives their
swelling and enables the use of extremely long chain lengths
between cross-links; most commercially available and labo-
ratory synthesized microgels rely on anionic charge species to
promote swelling and achieve jamming at relatively low

polymer concentrations.”™® While microgels have been used Received: December 6, 2018
extensively for studying the role of particle elasticity in the Accepted: February 26, 2019
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bioprinting, allowing for controlled, systematic studies of
microtissue and tumor development (Figure la).'**® Alter-
natively, individual cell behavior may be examined through the
dispersion of cells in this 3D cell culture medium (Figure
1b).*° However, cell culture media contains several mono-
valent and divalent cations, including Na*, K*, Ca*, and Mg*',
which are involved in numerous cellular processes including
cell—cell adhesion, cell signaling, and regulation of internal
osmotic pressure.”” While the sensitivity of charged microgels
to added salt is well understood in the case of monovalent ions
such as Na* and CI7,**7%° the changes in the rheological
properties of packed polyelectrolyte microgels in the presence
of multivalent ions, such as those within cell growth media,
have not been thoroughly investigated. Understanding how
multivalent ion—polyelectrolyte interactions influence the
rtheological properties of microgel systems is necessary to
guide the development and application of new microgels for
use in biomaterial systems.

Here, we synthesize anionic, cationic, and zwitterionic
microgels and systematically investigate the role of multivalent
ion—polyelectrolyte interactions on the rheological properties
of microgel systems. We design polyelectrolyte microgels with
either anionic (MAA), cationic (JDMAEMA), or zwitterionic
(CBMA) charged species at varying charge densities and study
their changes in rheological properties in the presence of
increasing concentrations of Ca** and Cl~ ions. In the high-salt
limit, the rheological behavior of anionic and cationic
microgels follow polyelectrolyte scaling laws, while the
rtheological properties of zwitterionic microgels become
independent of added salt. In addition, we explore the
application of these polyelectrolyte microgels as biomaterials
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Figure 1. Jammed microgels as a biomaterial. (a) Jammed granular
microgels can act as sacrificial support materials for 3D printing
cellular constructs, allowing the study of collective cell mechanics and
microtissue growth in a controlled 3D environment. (b) Similarly,
jammed granular microgels may be used to study the behavior of
individual cells in 3D environments. (c) Swelling of charged microgels
is driven by the osmotic pressure of counterions associated with
polyelectrolyte backbones. (d) Here, we investigate microgel particles
containing methacrylic acid (MAA), quaternized 2-(dimethylamino)-
ethyl methacrylate (QDMAEMA), or carboxybetaine methacrylate
(CBMA) charged monomer species at varying charge densities.

1510

by culturing cells in microgel environments. Cell performance
in the presence of polyelectrolyte microgels is quantified
through short-term viability, proliferation, and metabolic
activity assays. We find that cell performance is dependent
on the chemical composition of the microgels and remains
relatively independent of the rheological behavior; anionic and
zwitterionic microgels have minimal effect on the short-term
viability and metabolic activity of cultured cells, while our
cationic microgels appear cytotoxic. Thus, the rheological
properties of these jammed microgel packed can be tuned and
optimized for bioprinting and 3D cell culturing applications
independent of cell performance.

B MATERIALS AND METHODS

Microgel Synthesis and Preparation. Cationic, anionic, and
zwitterionic microgels are synthesized as previously reported with
some modifications.*® Briefly, a solution of acrylamide (Alfa-Aesar),
ionizable comonomer (see below), poly(ethylene glycol) diacrylate
(M, = 700 g mol™’, Sigma-Aldrich), and azobis(isobutyronitrile)
(Sigma-Aldrich) in ethanol is prepared. The solution is sparged with
nitrogen for 30 min and then placed into a preheated oil bath set at 60
°C. After approximately 30 min, the solution becomes hazy, and a
white precipitate begins to form. The reaction mixture is heated for an
additional 4 h. At this time, the precipitate is collected by vacuum
filtration and rinsed with ethanol on the filter. The microparticles are
triturated with 500 mL of ethanol overnight. The solids are collected
by vacuum filtration and dried on the filter for ~10 min. The particles
are dried completely in a vacuum oven set at 50 °C to yield a loose
white powder. Specific details for the various compositions are
included in Table S1.

Anionic microparticles are synthesized using methacrylic acid
(Sigma-Aldrich) as comonomer. Zwitterionic microparticles are
synthesized using carboxybetaine methacrylate (CBMA). CBMA is
synthesized using a modified version of a previously reported
procedure.”’ Briefly, DMAEMA (20.0 g) is added to a round-bottom
flask equipped with a magnetic stirrer and cooled to 0 °C. Acrylic acid
(18.3 g) is added drop-wise at 0 °C, and the mixture is allowed to stir
at 0 °C for 30 min, then 4 h at room temperature. At this time,
anhydrous tetrahydrofuran (25 mL) is added and the mixture is
stirred for 16 h. Triethylamine (25 mL) is added to deprotonate the
resulting monomer. Anhydrous THF and anhydrous diethyl ether are
added to precipitate the zwitterionic monomer. The monomer is
collected by vacuum filtration, dried under vacuum, and stored in a
desiccator. Cationic microparticles are synthesized using quaternized
2-(dimethylamino)ethyl methacrylate (JDMAEMA). gDMAEMA is
synthesized as previously described.*” Briefly, DMAEMA (18.7 g) is
mixed in anhydrous THF (30 mL). Methyl iodide (20.2 g) in
anhydrous THF (30 mL) is added drop-wise at 0 °C. The reaction
mixture is warmed to room temperature and stirred for 24 h. At this
time, the monomer is collected by vacuum filtration and rinsed on the
filter with anhydrous THF. The white solid is dried under vacuum
and stored in a desiccator.

Microgel samples are prepared by dispersing the microparticles in
ultrapure Millipore water to the desired polymer concentration.
Samples are subsequently speed-mixed (FlakTec) and allowed to
equilibrate overnight. NaOH is added to the anionic microgels to
deprotonate the methacrylic acid charged species until a final pH of
~6.4 is reached. Calcium chloride dihydrate (Fisher) is added to the
microgel solutions to study the effects of ion-polyelectrolyte
interactions on the rheological behavior of microgel packs.

Rheology. Rheological measurements are performed on a Malvern
Kinexus Pro Rheometer with a 40 mm 1° roughened cone on plate
configuration and an Anton Paar MCR 702 Rheometer with a S0 mm,
1.0° cone on plate configuration. Unidirectional shear sweeps are
performed by ramping the shear rate from 500 to 10~ s™' and
measuring the resulting shear stress. Frequency sweeps are performed
at 1% strain from 10 to 107> Hz using the same geometric
configuration.
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Figure 2. Rheological characterization of charged microgels, (a) Unidirectional shear rate sweeps are performed on microgel samples prepared at
increasing polymer concentrations to determine the jamming concentration. (b) In the dilute regime, in which the polymer concentration is below
the jamming concentration, the shear stress exhibits a purely viscous response to the applied shear rate. As the polymer concentration increases
toward the jamming concentration, the microgel particles become packed, and the system exhibits a finite yield stress. Further increasing the
polymer concentration leads to elastic deformation of the microgel particles, enabling the packing factor to exceed that of random close packed
hard spheres. The yield stress of microgel packs prepared at concentrations above the jamming concentration is determined by fitting the Hershel—
Bulkley model to the data. (c) Increasing the polymer concentration leads to an increase in the measured yield stress for microgels prepared with
constant polymer charge density (shown here: 17 mol % charged groups; no added CaCl,; lines drawn to guide the eye). (d) Similarly, the yield
stress increases with increasing polymer charge density for microgels prepared at the same polymer concentration (MAA, JDMAEMA: S wt %
polymer; CBMA: 4 wt %; no added CaCl,). Error bars are smaller than graphical symbols.

Cell Culture and Short-Term Viability. Human mammary
epithelial cells (MCF-10A) are cultured in MEBM cell culture
medium supplemented with MEGM BulletKit supplements (Lonza)
and incubated at 37 °C, 5% CO,, and 95% humidity. Microgels for
cell culturing are swollen in MEGM cell growth media to a final
polymer concentration of 4 wt %. NaOH is added to the medium to
adjust the pH to 7.4 under incubation conditions. The salt
concentrations of MEGM cell growth media are as follows: 2 mM
CaCl,, 112 mM NaCl, 2.5 mM KCI, and 1.5 mM MgSO,.

Short-term cell viability assays are performed by dispersing MCF-
10A cells in microgel prepared at 4 wt % polymer in MEGM media.
After passaging, the cells are pelleted and resuspended at a high
density in liquid growth media before subsequently being pipetted
into the microgel growth media. The cells and microgels are gently
pipet-mixed to evenly disperse the cells throughout the suspension
and incubated at 37 °C and 5% CO,. ReadyProbes Cell Viability
Blue/Green Imaging Kit (Thermo Fisher) is added to the microgel
media per the manufacturer’s instructions at the 3 and 24 h time
points and gently pipet-mixed. The cells are then incubated for an
additional 30 min before cell viability images are taken using confocal
microscopy.

Cell proliferation measurements are performed by plating MCF-
10A cells in glass bottomed Petri dishes with liquid growth media. A
total of 24 h after plating, cells are dyed with 10 uM CMFDA Cell
Tracker Green (Thermo Fisher) for 30 min. After dyeing, cells are
culture in liquid cell growth media for 2 h. The liquid media is
subsequently replaced with microgel media and cells are incubated at
37 °C and 5% CO,. Fluorescence images are taken at the 0, 24, and
48 h time points after the microgel media has been introduced. Cell
density measurements are determined by counting the number of cells
present in the fluorescence images field of view.

Cell Metabolic Activity. Cell metabolic activity studies are
performed using CellTiter-Glo 3D Cell Viability Assay (Promega).
After passaging, cells are plated in a tissue-treated 96-well plate with
liquid cell growth media. Cells are allowed to settle and attached to
the well plate for 2 h before the liquid media is replaced with 100 L
of microgel media and cultured for 24 h. After 24 h, 100 uL of
CellTiter-Glo 3D assay is added to each well. The media is pipet-
mixed and then placed on an orbital shaker for 25 min. After mixing,
all 200 uL are transferred to an opaque 96 well plate (Corning), and
luminescence measurements are taken on a BioTek Synergy HTX
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microplate reader. Luminescence calibration curves are performed
using known concentrations of adenosine S'-triphosphate (ATP)
disodium salt hydrate (Sigma).

Data Analysis. Confocal scans and fluorescence imaging are
performed on a Nikon C2+ confocal microscope. Images are
processed in FIJI Image]. All data analysis and curve fitting is
performed in Origin.

B RESULTS AND DISCUSSION

To explore the effects of polyelectrolyte—ion interactions on
the rheological properties of jammed granular microgels, we
synthesize charged microgels composed of polyacrylamide
(pAAm) polymers containing ionized comonomers cross-
linked with 1 mol % poly(ethylene glycol) diacrylate (PEGda,
M, = 700 g mol™") through a precipitation polymerization in
ethanol. Each microgel system is prepared with a charged
species at varying polymer charge density; here, we use
methacrylic acid (MAA) for anionic microgels, quaternized 2-
(dimethylamino)ethyl methacrylate (JDMAEMA) for cationic
microgels and carboxybetaine methacrylate (CBMA) for
zwitterionic microgels (Figure 1d). Phase-contrast micrographs
of dilute samples confirm the formation of microgel particles
for each of the three charged species explored here (Figure
S1). We measure the average size of each microgel in the dilute
state and find the mean particle diameters to be 4.76 + 1.49
um for MAA microgels, 5.17 + 1.94 uym for gDMAEMA
microgels, and 5.21 + 2.14 ym for the CBMA microgels (the
plus-or-minus intervals correspond to one standard deviation
around the mean).

Rheological Characterization. To characterize the
rheological properties of our polyelectrolyte microgels, we
prepare samples at varying polymer concentration in ultrapure
water and record the shear stress response to unidirectional
shear rate sweeps (Figure 2a). At polymer concentrations
below the jamming concentration, the shear stress exhibits a
purely shear-thinning response to an applied stress reflecting
dominantly fluid-like behavior (Figure 2a,b). As the polymer
concentration is increased above the jamming concentration,
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Figure 3. Multivalent ion interactions with charged microgels. (a) Increasing the ionic concentration through the addition of calcium chloride
results in a decrease in the measured yield stress; at high ion concentrations, we observe a pure viscous response of the shear stress to the applied
shear rate, indicating a transition from the jammed to the dilute regime (shown here: 9 mol % gDMAEMA, 2 wt %). (b) Changes in the rheological
behavior are observed for microgels prepared with various charge species, charge densities, and polymer concentrations (shown here: 17 mol %
gDMAEMA, 4.8 wt % polymer; 17 mol % CBMA, 4.0 wt % polymer; 17 mol % MAA, S wt % polymer; 9 mol % MAA, 5 wt % polymer; 17 mol %
MAA, 2 wt % polymer; lines drawn as visual aids). (c) Rescaling the rheological measurements by the yield stress with no added salt and plotting
versus the molar charge ratio collapses the data to a single scaling curve for anionic and cationic microgels. (d) Plotting data from zwitterionic
microgel systems shows an ion-independent plateau in the rheological properties at molar charge ratios in excess of 1:1. Error bars are smaller than

graphical symbols.

the shear stress develops a plateau at low shear rates, which
corresponds to the yield stress (Figure 2a,b). This yield stress
can be measured by fitting the Hershel-Bulkley model:

A\
T=1]1+ L

T (1)
to our unidirectional shear rate sweeps, where 7 is the
measured shear stress, 7, is the yield stress, y is the applied
shear rate, 7. is the cross-over shear rate, and p is a
dimensionless constant.”*> We find the jamming concen-
trations of the microgels to be 0.3, 0.45, and 0.9 wt % for
microgel particles containing 17 mol % of MAA, qDMAEMA,
and CBMA, respectively.

The yield stress of microgel packs may be tuned through
changes in either the polymer charge density of the microgels
or in the overall polymer concentration. As we increase the
polymer charge density at a fixed polymer concentration, the
yield stress increases. Likewise, increasing the total polymer
concentration results in an increase in the measured yield
stress. The shear thinning behavior of jammed microgel packs
at high shear rates is captured by the dimensionless constant p
in the Hershel-Bulkley model. Here, we find that p covers a
range between 0.4 and 0.55, consistent with previously
reported values for similar systems.’ Interestingly, we find
that this shear thinning exponent follows a weak logarithmic
scaling with the measured yield stress, independent of the
monomer charge species present (Figure S2a).

To understand the role of salts on the rheological
performance of jammed microgels, we prepare microgel
samples with increasing concentrations of calcium chloride, a
prevalent multivalent salt in cell growth media. As we increase
the ionic charge concentration, we observe a decrease in the
measured yield stress; for anionic and cationic microgels
prepared with high concentrations of added salt, we observe a
purely shear-thinning response to an applied shear rate,
suggesting that the system is no longer in a jammed state
(Figure 3a). Similar rheological behavior is exhibited in
microgels with varying charged species, polymer charge
densities, and polymer concentrations (Figure 3b).
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To compare rheological behavior across the various samples,
we normalize the data by plotting the ratio of the yield stress at
a given salt concentration, 7, to the yield stress with no added
salt, Tyo, versus the molar ratio of added ionic charge to
polymer charge. For anionic microgels we consider the ionic
charge of added Ca?* ions; for cationic microgels, we consider
the ionic charge of added CI™ ions. We find that cationic and
anionic microgels collapse to a single curve in which the yield
stress decreases with increasing molar charge ratio (Figures 3c
and S2b). As the total charge of added ions approaches the
number of polymeric charges (molar charge ratio = 1:1), the
yield stress decreases to approximately 10% of the initial, zero-
salt yield stress, 7,”. Further increasing the molar charge ratio
leads to a continued decrease in the measured yield stress until
a yield stress can no longer be measured and the system
exhibits a purely viscous response to an applied shear rate.
Surprisingly, zwitterionic microgels exhibit an initial decrease
in the measured yield stress followed by a plateau at molar
charge ratios greater than 1:1 (Figures 3d and S2c). This initial
decrease in measured yield stress with increasing salt
concentrations deviates from the anti-polyelectrolyte effect
observed in charge neutral polyzwitterions, in which the
addition of low-molecular-weight salts results in an increase in
swelling.”* This deviation likely arises from the multivalent
nature of Ca®" investigated here.” For the cationic and anionic
microgels, we investigate the underlying mechanisms that drive
the changes in rheological properties with increasing ion
concentration by applying polyelectrolyte gel scaling laws to
jammed microgel systems, with details given below.

Polyelectrolyte Scaling. Neutral hydrogels swell to an
equilibrium concentration in which the driving osmotic
pressure (IT) generated from the random motion of the
polymer chains is balanced by an elastic restoring force (F,;)
generated from stretching the polymer chains.*® In polyelec-
trolyte hydrogels, dissociated counter-ions near the polymer
backbone contribute to the osmotic pressure in addition to the
polymeric contribution. When fully swollen, the elastic shear
modulus of the polyelectrolyte gel, G’, is approximately equal
to the osmotic pressure, which can be expressed in terms of a
polymeric contribution and an ionic contribution, given by:
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Figure 4. Microgel rheology and polyelectrolyte scaling behavior. (a) The elastic (G) and viscous (G”) shear moduli of the microgels are
measured through low-amplitude frequency sweeps. Over a wide range of frequencies, G’ remains relatively flat and dominates G”, characteristic of
a viscoelastic solid. Increasing the concentration of calcium chloride concentration leads to a decrease in G’ and G”. (b) We find the yield stress of
microgel packs to be linearly correlated to the elastic shear modulus for all systems under all conditions reported here. (c) To test if polyelectrolyte
scaling laws can predict the rheological performance of our anionic and cationic microgels, we plot their normalized yield stress by 1/¢;,,. At high
concentrations of added salt, the rheological behavior follows the scaling prediction; at low concentrations of added salt, we observe a plateau in the
measured yield stress. We identify the critical ion concentration c*,, in which this transition occurs. (d) Rescaling our rheological curves by c*,
results in a collapse to a single scaling curve for anionic and cationic microgels. (e) In contrast, the scaling behavior of zwitterionic microgels with
the added salt concentration is weaker than the predicted scaling from polyelectrolyte theory and exhibits a plateau at the limits of high amounts of
added salt. (f) We find the transition from the weak scaling behavior at low salts and the plateau at high salt levels corresponds to a critical ion
concentration comparable to the charge density of the zwitterionic microgels. Error bars are smaller than graphical symbols.

2
1 [%
G =kT| 5 + ——F——
f A(CP + 4Acion) (2)

where kg is the Boltzmann constant, £ is the polymer mesh-
size, ¢, is the polymer concentration, A is the average distance
between uncondensed charges, and ¢, is the concentration of
added salt.’” At the high-salt limit in which ¢, > 4Ac,, the
ionic contribution dominates the polymeric contribution.
Here, we assume our polyelectrolyte microgels are fully
ionized, and therefore, the ratio of ¢, to A can be approximated
as the polymer charge concentration (ccharge). Thus, at the low-
polymer, high-salt limit where the ionic contribution
dominates the polymeric contribution, we can simplify this
expression to:

2
Ccharge

kT
B 4c

()

Previous investigations have found polyelectrolyte theory may
be applied to microgel systems at concentrations just above
jamming.”” Here, we measure the elastic and viscous shear
moduli, G" and G”, of the jammed microgels through low-
amplitude frequency sweeps spanning a range between 1073
and 10' Hz (Figure 4a). We find that the elastic component
remains relatively flat and dominates the viscous component
across the full range of frequencies, consistent with viscoelastic
solid behavior. Similar to the yield stress of microgels, the
elastic shear modulus decreases with increasing concentrations
of calcium chloride. Comparing these two rheological
properties, we find that the yield stress of the microgels and
the elastic shear modulus at 1 Hz are linearly correlated, such

ion
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that 7, = 0.14G’ for all samples exhibiting a yield stress under
all conditions reported here (Figure 4b). This relationship
between the yield stress and elastic shear modulus of the
jammed microgels arises from the elastic energy necessary to
deform frictionless particles as they rearrange and slide past
one another and is consistent with previous results, indicating
that interfacial polymer interactions like entanglements do not
dominate yielding in the systems tested here.”” Thus, we can
relate the polyelectrolyte scaling laws for G’ to the yield stress
of the microgels, given by:

2
Ccharge

7, = 0.14k;T

4'Cion

(4)

To determine if this polyelectrolyte scaling law prediction
for added salt applies to jammed granular microgels, we plot
the normalized yield stress of the microgels, 7, /Tyo, as a
function of the inverse of the ionic charge concentration. In the
high-salt limit, where 1/¢,, is small, we find the normalized
yield stress follows the predicted scaling behavior for
polyelectrolytes with added salt for both the anionic and
cationic microgels at various polymer concentrations and
charge densities (Figure 4c). At the low-salt limit, where 1/c;,
is large, the data deviates from this predicted scaling behavior,
and we observe a plateau in the normalized yield stress. We
determine a critical ionic charge concentration (c*,,), in which
this transition from the high-salt, polyelectrolyte scaling
behavior to the low-salt, plateau regime is observed. Rescaling
the rheological curves by c*,,, we find the data collapses to a
single curve in which the yield stress follows polyelectrolyte
scaling at high salt concentrations (Figure 4d). This
rheological behavior is observed for both the addition of
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divalent counterions to anionic microgels (MAA) and
monovalent ions to cationic microgels (qDMAEMA).
Furthermore, we find the critical ionic charge concentration
scales linearly with the charge concentration of the microgel
particles and is in close agreement with the limits of the high-
salt regime as predicted by polyelectrolyte theory (Figure
S$3).>” We further test our hypothesis that the rheological
response can be predicted by polyelectrolyte theory by
examining anionic microgels in the presence of a monovalent
salt (NaCl) and find similar scaling behavior. Similar attempts
to rescale the yield stress of zwitterionic microgels do not show
the same scaling behavior. At high added salt concentrations,
the zwitterionic microgels exhibit a plateau in the yield stress.
At low added salt concentrations, the yield stress follows a
scaling behavior weaker than that predicted by polyelectrolyte
theory (Figure 4e,f).

Previous investigations show that microgels follow poly-
electrolyte scaling laws for polymer concentration within a
small range of concentrations above jamming.’® At higher
concentrations, jammed microgel behavior deviates from that
of fully swollen gels and follows the scaling laws of rubber
elasticity.s’30 Here, we observe similar behavior in our anionic
and cationic microgels. As the polymer concentration of the
microgels increases above the jamming concentration,
individual microgel particles will deform without osmotically
driven deswelling, resulting in volume fractions in excess of the
random close packing limit of hard spheres.z’9 However,
increasing the concentration of added salts appears to drive the
deswelling of the microgel particles, leading to a transition of
the system from the jammed to unjammed state. In this limit of
high amounts of added salts, the decrease in the ionic
contribution to the osmotic pressure can be predicted by
polyelectrolyte scaling laws for added salts. We find that this
scaling law is dependent on the ionic charge concentration of
the added salt and appears independent of the ion valency.
Similar behavior has been reported for polyelectrolyte brushes
in the presence of mono- and multivalent ions.”**” At low salt
concentrations, polyelectrolyte brushes are in an “osmotic
brush” regime in which the uncondensed counter-ions
contribute to the driving osmotic pressure and the brushes
maintain an extended configuration; as the concentration of
added salts increases, the polyelectrolyte brushes transition to a
“salted brush” regime in which a decrease in the osmotic
pressure leads to a collapse of the brush structure.’”
Zwitterionic microgel behavior deviates from these polyelec-
trolyte theory scaling predictions, suggesting the continued
contribution to the osmotic pressure, even in the limit of high
amounts of added salts.

Cell Viability in Polyelectrolyte Microgels. To explore
the applicability of these microgels in biomaterial applications
such as 3D bioprinting and 3D cell culture, we investigate the
behavior of human mammary epithelial cells (MCF-10A) in
microgel packs swollen in cell growth media and determine cell
health and performance through measurements of short-term
cell viability, cell proliferation rate, and cell metabolic activity.
For these experiments, microgel samples are swollen in cell
growth media at a polymer concentration of 4 wt %. At these
polymer concentrations, all microgels behave like elastic solids
when swollen in cell growth media having shear moduli
between 2 and 60 Pa (Figure S4). Short-term cell viability
measurements are performed on cells dispersed in microgel
growth media after 3 and 24 h to determine the population of
viable cells (see Figures Sa and SS and the Materials and
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Figure S. Cell viability and proliferation. (a) Short-term cell viability
measurements of MCF-10A suspended in 3D microgel media.
Anionic and zwitterionic microgels maintain 90—95% cell viability
after 24 h, whereas cells cultured in cationic microgels exhibit
increased levels of cell death with increasing charge concentration;
cells cultured in 17 mol % qDMAEMA microgels exhibit greater than
90% cell death after 24 h. (b) Relative changes in MCF-10A cell
populations cultured in the presence of anionic and zwitterionic
microgel media after 24 h are statistically equivalent to liquid culture
media (7.5 & 12.35%). After 48 h, cell population changes in
microgels are lower than in liquid media but statistically the same as
earlier time-points. (All microgel samples are prepared at 4 wt %;
molar concentration of charged species are shown).

Methods section). We find anionic and zwitterionic microgels
maintain 90—95% cell viability after 24 h. These results are
consistent with previous investigations of cell viability in
microgel packs.'”*" P(QDMAEMA) is a known cytotoxin,
often used as an antifouling agent.*"** Accordingly, for cells
cultured in gDMAEMA microgels we observe increased levels
of cell death; while microgels containing 5 mol % qDMAEMA
maintain 75% cell viability after 24 h, microgels containing 9
mol % and 17 mol % gDMAEMA exhibit greater than 70% and
90% cell death after 24 h, respectively. While these results
demonstrates that microgels containing gqDMAEMA do not
constitute a suitable cell culture environment, they may find
use in biomaterial applications in which targeted cytotoxicity is
desired.

Cell Proliferation in Polyelectrolyte Microgels. To
investigate cell proliferation in microgel media relative to
standard conditions in liquid media, we culture-plated MCEF-
10A cells in microgel culture media and measure the cell
population density at the 0, 24, and 48 h time points (Figures
5b and S6 and the Materials and Methods section). After 24 h,
the percent population change of cells cultured in zwitterionic
microgel media containing 17 mol % CBMA matched that of
liquid media, while both S and 17 mol % anionic microgels
exhibit a small but statistically insignificant decrease in cell
density. We note that this apparent decrease in cell population
is consistent with short-term viability results. After 48 h, we
observe a considerable deviation in population changes
between cells cultured in liquid media and cells cultured in
microgel media; cell population changes in microgels are lower
than in liquid media but statistically the same as earlier time-
points. Fluorescence images of cells cultured in 17 mol %
CBMA microgels for 48 h reveal the formation of discrete cell
islands similar to those seen in cells cultured in liquid growth
media (Figure S6). In contrast, cells cultured in both S and 17
mol % MAA form smaller clusters (Figure S6). While this
result shows that anionic and zwitterionic microgel media may
not suitable for contexts in which cell growth is needed,
arresting cell proliferation may be advantageous in applications
in which rapid cell growth is undesirable, particularly if cells
remain viable and metabolically active. For example, a reduced
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proliferation rate may be beneficial in the future when 3D
printing tissues with complex vasculature, requiring the precise
placement of multiple cell types over long working times.

Metabolic Activity in Polyelectrolyte Microgels. To
study how microgel-based biomaterials may affect the
metabolic activity of cells, we measure adenosine triphosphate
(ATP) levels in MCF-10A cells cultured in microgel media for
24 h using the CellTiter-Glo 3D assay. The CellTiter-Glo 3D
assay utilizes a luciferase reaction that produces a luminescence
signal proportional to the levels of intracellular ATP.** For
these experiments, cells are plated into 96-well culture dishes
and culture in microgel media for 24 h (Methods).

We perform a series of control experiments to determine the
effectiveness of the CellTiter-Glo 3D assay to measure ATP
levels in a representative set of our jammed microgel systems.
To determine the effectiveness of the luciferase reaction in the
microgels, we prepare microgels and liquid media with known
concentrations of adenosine S5'-triphosphate disodium salt
(Figure 6a). We find the luminescence intensity to be linearly
correlated with ATP concentration for our anionic and
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Figure 6. Metabolic activity in polyelectrolyte microgels. (a)
CellTiter-Glo 3D calibration measurements of luminescence intensity
at known ATP concentrations for liquid and microgel media. (b)
Fluorescence microscopy of MCF-10A cultured in microgel media
after adding CellTiter-Glo 3D visually confirm cell lysis. [17 mol %
MAA; cells dyed Cell Tracker Green CMFDA (green: live) and with
ethidium homodimer (red: dead); scale bar: 100 um.] (c) Relative
luminescence intensity of MCF-10A cells cultured in liquid media for
24 h. Liquid media is replaced with microgels immediately prior to
cell lysis (t < S min). The decrease in luminescence intensity results
from microgels hindering the effectiveness of the CellTiter-Glo 3D
assay, not a drop in ATP levels. (d) Relative ATP production without
correction from MCF-10A cells cultured in microgel media for 24 h
relative to cells cultured in liquid media for 24 h. (e) Adjusting the
relative ATP levels for the decrease in luminescence intensity (panel
c) and accounting for cell proliferation rates (Figure Sb) show no
significant change in ATP levels for cells cultured in microgels relative
to liquid media. (All microgel samples are prepared at 4 wt %; molar
concentration of charged species are shown.)
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zwitterionic microgels across the concentration range tested
here. Furthermore, the luminescence intensities measured in
the microgel media is consistent with the luminescence
intensity of ATP measured in liquid cell growth media.
These results suggest the luciferase reaction is not hindered by
the presence of the polyelectrolyte microgels.

To test the effectiveness of the assay’s detergent in lysing the
cells cultured in a microgel environment, we dye MCF-10A
cells with Cell Tracker Green CMFDA, a live-cell dye, and
culture the cells in microgel media containing 1.1 #M ethidium
homodimer, a dead-cell dye that enters the membrane after cell
lysis. Fluorescence images taken 30 min after the addition of
the CellTiter-Glo 3D assay show an uptake in ethidium
homodimer entering the membrane of the cells and a decrease
in the CMFDA signal (Figure 6b). These results qualitatively
confirm that the CellTiter-Glo 3D detergent successfully lyses
the cells in the microgel environment. To quantify the
effectiveness of this process, we compare luminescence
intensity values of cells cultured in identical conditions but
assayed in different media; cells are cultured under identical
culture conditions to produce comparable metabolic activity
and the microgel culture media is introduced immediately
prior to measuring the ATP of the cell (see the Materials and
Methods section). Surprisingly, we find a drastic decrease in
the luminescence signal produced by the CellTiter-Glo 3D
assay in comparison to the signal produced by cells cultured in
liquid media (Figure 6¢c). We find a 25% and 50% decrease in
cell luminescence intensity when measured in our S and 17
mol % anionic microgels as well as a 55% decrease in intensity
when measured in our 17 mol % zwitterionic microgels. These
decreases in luminescence intensity occur despite the cells
being cultured under identical conditions. Thus, we attribute
this decrease in luminescence intensity to the effectiveness of
the assay reagents to react with the ATP released by the lysed
cells, rather than the cell metabolic activity. Our findings
highlight the importance in establishing the proper baseline
measurements when developing future assays to measure cell
activity in microgel environments.

To explore the changes in metabolic activity of cells in a
microgel environment, we culture cells for 24 h in microgels
with varying charged species and polymer charge density. We
find that the relative luminescence intensity decreases by 30%,
50% and 60% relative to cells cultured in liquid growth media
for both the anionic and zwitterionic containing 5, 9, and 17
mol % polymer charge density (Figure 6d). However, when we
determine the ATP levels corrected by calibration and the
control experiments of luminescence intensity and accounting
for proliferation, we find the adjusted relative ATP produced
remains statistically unchanged in comparison to liquid growth
media (Figure 6e). Thus, we conclude the short-term
metabolic activity of MCF-10A cells cultured in the microgel
environment is unhindered by the presence of polyelectrolyte.
Further studies are needed to investigate the long-term
viability and metabolic activity of cells cultured in polyelec-
trolyte microgels.

B CONCLUSIONS

Jammed granular microgels allow for the 3D printing of fluids,
polymer solutions, and cells with few constraints on solid-
ification time or rheological properties of the “ink.”"*'° Here,
we have designed new polyelectrolyte microgels and
characterized their performances as biomaterials for 3D
printing and cell culture applications. The rheological proper-
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ties of the microgels can be tuned by changing polymer
concentration or polymer charge density of the polymeric
microparticles. We find that interactions between the
polyelectrolyte microgels and ions in the solvent result in a
decrease in the ionic contribution to the osmotic swelling of
the microgels and consequently drives changes to rheological
properties. For anionic and cationic microgels in the high-salt
limit, these rheological changes follow the scaling laws
describing polyelectrolyte gels with added salt. Further studies
on very highly charged polyelectrolyte microgels may be
necessary to investigate the effects of salt bridging on their
rheological behaviors; the collapse of highly charged
polyelectrolyte brushes can be exaggerated in the presence of
multivalent jons as a result of electrostatic bridging between
chains.*** In contrast, simple polyelectrolyte scaling laws do
not capture the rheological behavior of zwitterionic microgels.
Instead, zwitterionic microgels exhibit a plateau in rheological
properties in the high-salt limit. This unique behavior may be
advantageous when swelling microgels in salt-rich solvents,
such as cell growth media. However, interactions between the
zwitterionic microgels and biological zwitterionic molecules,
including amino acids and proteins, may result in unforeseen
changes in rheological properties beyond the scope of this
work.***” Further development of charge-neutral microgels
may circumvent these interactions, providing opportunities for
further biomaterial applications using microgels.

We have characterized the performance of MCF-10A cells
cultured in charged microgel environments. Short-term
viability studies of anionic and zwitterionic microgels showed
greater than 90% cell viability after 24 h, while metabolic
studies showed that ATP production in the cells remains
relatively unchanged. In contrast, cationic microgels containing
the gDMAEMA charged species were found to be cytotoxic.
These results were independent of the rheological properties of
the microgels tested, suggesting that cell performance in
jammed microgels is governed by the chemical composition of
the microgels and are less sensitive to their rheological
properties. Thus, the material properties of the microgels may
be tuned to optimize for 3D cell culture or bioprinting
applications with limited effects on cell performance. Further
assessment is necessary to study the long-term viability of cells
cultured in 3D microgel environments. For example, the
metabolic activity and hepatic function of in vitro liver
constructs are generally characterized through albumin
secretion and urea synthesis.***” As new assay protocols are
developed to measure these markers of long-term cell function
in microgels, proper baselines must be established to account
for the effects of the microgel environment.
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Supplemental Material

Comonomer AAM Comonomer PEGrooda AIBN EtOH

Comonomer Incorporation (mol %o) (9) (9) (9) (mg) (mL)
MAA 5 8.55 0.55 0.90 100 112
MAA 9 8 1 1 100 112
MAA 17 7.27 1.82 0.91 100 112
CBMA 5 7.85 1.33 0.82 100 112
CBMA 9 7.01 2.23 0.76 100 112
CBMA 17 5.59 3.74 0.67 100 112
gDMAEMA 5 7.52 7.69 0.79 100 112
gDMAEMA 9 6.54 2.75 0.71 100 112
gDMAEMA 17 5.02 4.38 0.60 100 112

Table S1 — Experimental values for the synthesis of 10g of polyelectrolyte microgels composed of polyacrylamide
with anionic (MAA), zwitterionic (CBMA), and cationic (q(DMAEMA) comonomers.
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Phase Contrasted Micrographs of Dilute Microgel Samples
qDMAEMA

Figure S1 — Phase contrasted micrographs of dilute samples confirm the presence of anionic (MAA), cationic
(gPDMAEMA), and zwitterionic (CBMA) microgels. We measure the average size of each microgel in the dilute state
and find the mean particle diameters to be 4.76£1.49 pm for MAA microgels, 5.17+1.94 um for gDMAEMA
microgels, and 5.21+2.14 pm for the CBMA microgels. Scale bar: 200 pm

Polyelectrolyte Microgel Rheology
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Figure S2 — Rheological Characterization of Polyelectrolyte Microgels: a) The yield stress of microgel samples is
measured by fitting the Hershel-Bulkley model, = z,(1 + (7/7,)"), to unidirectional shear rate sweeps. Here we
find that the scaling exponent p falls between 0.4 and 0.55, indicating shear thinning behavior at high shear rates.
Interestingly, this scaling exponent follows a weak logarithimic scaling with the measured yield stress. b) To compare
rheological results of microgels with added salt across samples, we plot the ratio of the yield stress at a given salt
concentration to the yield stress with no added salt (z, / 7,°) as a function of the molar ratio of added ionic charge to
polymer charge. The rheological results for anionic and cationic microgels collapse to a single curve in which the
yield stress decreases with increasing salt concentrations. At high molar charge ratios, the microgels exhibit a purely
viscous response to an applied shear rate and the yield stress is 0. ¢) Zwitterionic microgels exhibit an initial, steeper
collapse followed by a non-zero plateau in the measured yield stress at high salt concentrations.
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High Salt Prediction for Anionic and Cationic Microgels.
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Figure S3 — The critical ion charge concentration scales linearly with the charge concentration of the microgel
particles and is in close agreement with the limits of the high-salt regime as predicted by polyelectrolyte theory, i.e.
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Microgel Rheology in MEGM Cell Growth Media.
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Figure S4 — Small amplitude oscillatory frequency sweeps of polyelectrolyte microgels swollen in MEGM cell growth
media at 4 wt % polymer. The elastic shear modulus (G’) remains relatively flat across the full range of frequencies,

confirming the microgels are in the jammed state and ranges from 2 — 60 Pa.



Cell Viability in Polyelectrolyte Microgels
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Figure S5 — Short-term cell viability measurements of MCF-10A cells suspended in jammed polyelectrolyte microgels
for 24 hours are performed using ReadyProbes Blue/Green cell viability imaging kit. Microgel samples are prepared
at 4 wt % polymer with varying charge species and charge densities. Shown here are representative max intensity
projections of fluorescence confocal microscopy scans taken after 24 h of culture. Cell viability is determined by
counting the total cell population (blue) and the number of dead cells (green). Anionic (MAA) and zwitterionic
(CBMA) microgels maintain 90-95% cell viability after 24 h whereas cells cultured in 17 mol % gDMAEMA
microgels experience greater than 90% cell death after 24 hours. Scale bars: 200 um.



Cell Proliferation Fluorescence Images
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-

Figure S6 — Fluorescence microscopy images of MCF-10A cells cultured in jammed polyelectrolyte microgels. MCF-
10A cells are dyed with CMFDA cell tracker green, plated on a glass bottom 12-well plates and cultured in microgel
support media. Cell population growth rates from the cell population density determined by counting the number of
cells for a given culture area. Scale bar: 200 pm.
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