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Abstract

Both positively and negatively charged residues play pivotal roles in recruiting precursor ions or
ion clusters, and lowering interfacial energy in natural biomineralization process. Synergistic
utilization of opposite charges, however, has rarely been implemented in the design of
cytocompatible synthetic scaffolds promoting hydroxyapatite (HA)-mineralization and
osteointegration. We report the use of cytocompatible zwitterionic sulfobetaine ligands to enable
3-dimensional /n vitro mineralization of HA across covalently crosslinked hydrogels. The overall
charge-neutral zwitterionic hydrogel effectively recruited oppositely charged precursor ions while
overcame excessive swelling exhibited by anionic and cationic hydrogels under physiological
conditions, resulting in denser and structurally well-integrated mineralized composites. Further
controls over the size, content, and spatial distribution of the mineral domains within the
zwitterionic hydrogel are accomplished by facile adjustments of hydrogel crosslinking densities
and the supersaturation rate governing heterogeneous mineral nucleation and growth. These
findings should inspire many creative uses of zwitterionic polymers and polymer coatings for
skeletal tissue repair and regeneration.

1. Introduction

According to the classical descriptions of activation energy of homogenous nucleation,
nucleation rate, and mineral growth rate for a spherical nucleus, increasing supersaturation
(S)and decreasing interfacial free energy (o) expedite the rate of the nucleation and growth
(Supplementary Equations S1-S3) [1]. These parameters similarly govern heterogeneous
nucleation and growth. In nature, heterogeneous mineralization of organic extracellular
matrices (ECM) in calcified tissues are accomplished by the tight control over ion transport
to achieve appropriate local supersaturation (e.g. within diffusion-limited cellular and/or
extracellular spaces) and by complex organic ECM templates that stabilize precursor ions,
reduce the interfacial energy, and modulate the heterogeneous nucleation and mineral
growth [2-5]. For instance, both collagen fibrils in bone and the acidic non-collagenous
proteins (NCPs) attached to the collagen matrix are believed to play important roles in
facilitating precursor ion infiltration and creating local supersaturation, spatially confining
and stabilizing initial amorphous calcium phosphate deposition (ACP), and templating/
modulating subsequent transformation into more stable crystalline phases [3, 4, 6-16]. A
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recent study revisiting the role of collagen in templating mineralization in the presence of
HA nucleation inhibitors suggests that the positive net charge close to the C-terminal end of
the collagen molecules promotes the infiltration of ACP, and that the clusters of charged
amino acids, both in gap and overlap regions of collagen fibrils, form nucleation sites
mediating the transformation of ACP into oriented apatite crystals[17]. Taken together, these
findings suggest that implementing opposite charge distributions, possibly in an alternating
fashion, within a synthetic scaffold may facilitate adequate precursor ion infiltrations and
realizing effective /n vitro mineralization (e.g. for improving scaffolds’ osteoconductivity)
and /n vivo osteointegration for scaffold-assisted skeletal tissue repair.

Many synthetic biomaterials designed for template-driven mineralization utilized anionic
residues [18-24], cationic residues [25, 26] or uncharged polar ligands [27-29] including in
amphiphilic forms [30] to drive the heterogeneous nucleation. /n vitro mineralization of
many bulk scaffolds, however, often led to limited heterogeneous nucleation/growth of HA
beyond the surface of dense substrates or homogeneous precipitation loosely trapped within
porous scaffold. Well-integrated dense mineralization of bulk synthetic scaffold in a truly 3-
D fashion has been difficult to achieve.

Zwitterionic materials, well known for excellent anti-fouling ability[31-34], have been
extensively explored for applications ranging from blood compatible materials[35, 36] to
DNA and protein delivery vehicles[37, 38]. Although calcium phosphate nanocomposite of
polyelectrolytes and zwitterionic polymers were previously prepared by direct mixing of the
mineral components [39, 40] or solidification of precursor ion solutions with the respective
polymers [41], the role of zwitterionic ligands in templating heterogeneous nucleation and
growth of HA has not been previously explored. Zwitterionic polymers, possessing equal
number of oppositely charged residues in the same molecular side chain yet overall
electrically neutral, are known to swell more in salt solution than in water, a behaviour
opposite to those exhibited by anionic or cationic polyelectrolytes and driven by salt ion-
mediated disruption of the extensive physical (electrostatic) crosslinking of the zwitterionic
side chains formed in water (Fig. 1a; note the substantial difference in dipole moment: ~24
Debye for sulfobetaine[42] vs. 2 Debye for water[43]). We hypothesize that such
antipolyeletrolyte behaviour[44] exhibited by 3-D zwitterionic scaffolds, coupled with the
ability of zwitterioic ligands to recruit and retain both cationic and anionic precursor ions or
ion clusters and lower the activation energy for heterogeneous nucleation and growth, can
enable more extensive 3-D HA-mineralization (Fig. 1b).

To test these hypotheses, we examine and compare the potency of photo-crosslinked
polymethacrylate hydrogels containing zwitterionic sulfobetaine, cationic tertiary amine,
anionic sulfonic acid or uncharged hydroxyl side chain residues in templating 3-D HA-
mineralization. The relative cytocompatibility of zwitterionic, cationic and anionic scaffolds
were also investigated by direct encapsulation of bone marrow stromal cells within these
hydrogel scaffolds. Further, practical controls over the mineralization outcome, including
size, content, and density of the mineral growth within the 3-D zwitterionic scaffold, were
systematically investigated by altering crosslinker contents of the hydrogel and the external
experimental parameters governing the heterogeneous mineralization process.

2. Experimental

2.1. Preparation of chemically crosslinked hydrogels

To investigate the effect of ionic states of mineral nucleating ligands on templated /7 vitro
HA-mineralization, four types of hydrogels, zwitterionic poly[2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (pPSBMA), cationic
poly[2-(methacryloyloxy)ethyl]trimethylammonium (pTMAEMA), anioic poly(3-
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sulfopropyl methyacrylate) (pSPMA), and uncharged poly(2-hydroxyethyl methacrylate)
(PHEMA), were prepared (Supplementary Table S1, No. 1-4). Monomers SBMA,
TMAEMA, SPMA and HEMA and crosslinker ethylene glycol dimethacrylate (EGDMA)
were purchased from Aldrich (St. Louis, MO), with the radical inhibitors being removed by
distillation (for HEMA), aluminum oxide column followed by freeze-drying (for
PTMAEMA) or molecular sieves (for EGDMA) prior to use. In a typical procedure, 2 mmol
respective monomer was combined with 50 L of ethanol solution of EGDMA (10%, v/v),
100 pL PBS solution of 2,2”-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086,
2 %, wiv), and 1850 p.L of Milli-Q water. The mixture was bath-sonicated to a clear solution
and transferred to a custom-made Teflon mold with cylindrical (6 mm in diameter) and
square prism (5 mm x 5 mm) wells (50 p.L/well or 100 pL/well) and solidified under
irradiation (365 nm, 10 min). The crosslinked hydrogels were equilibrated in Milli-Q water
for 2 days at 37 °C with exchange of water every 12 h to ensure the removal of residue
initiators or any unreacted monomers. The hydrogels were stored in Milli-Q water until
mineralization or further characterizations.

To further study the effect of crosslinker contents on the HA-mineralization outcome of
zwitterionic hydrogels, eight pPSBMA hydrogels with different crosslinker contents, 2.651
mol% (# 1), 1.326 mol% (#2), 0.663 mol% (#3), 0.265 mol% (#4), 0.133 mol% (#5), 0.027
mol% (#6), 0.020 mol% (#7), and 0.013 mol% (#8), as detailed in Supplementary Table S2,
were also prepared using the procedure described above.

ratios of the hydrogel

The swelling ratios of the hydrogel by weight (S,,) and by volume (Sv) were determined in
Milli-Q water or in PBS (pH=7.4) at room temperature according to Equations 1 and 2:

_Wh-Wd

S»
" T Wa

Eqg-1

where Wjand Wy are the weight of a hydrogel in fully hydrated state and dry state,
respectively.

s Vh-Vd
V=
Vd

Eqg-2

where V4 and Vyare the volume of a hydrogel in fully hydrated state and dry state,
respectively.

2.3 Mineralization of the hydrogel

Mineralization was carried out by controlled heating of the hydrogels in a urea-containing,
acidic solution of hydroxyapatite from 37 °C to 95 °C using a protocol modified over a
previous report[27]. Mineralization stock solution was prepared by suspending
hydroxyapatite (7.37 g, 34—40% Calcium content, Alfa Aesar) in 500-mL aqueous solution
of urea (2 M), followed by the addition of concentrated hydrochloric acid under constant
stirring until a clear soluble solution was obtained (final pH 2.5-3.0). Six to ten hydrogels
were placed in an Erlenmeyer flask filled with 30 mL of mineralization solution and covered
with a perforated aluminum foil. The flask was placed in a high-temperature silicone oil bath
with the mineralization solution completely submerged under the oil and heated using a 100-
watt immersion heater (Glo-Quartz LHP-1AH4) equipped with a programmable temperature
controller (Eurotherm 2408). Controlled heating from 37 °C to 95 °C was carried out at a
heating rate of 0.2 °C/min. Mineralized hydrogels were bath-sonicated for 5 min in Milli-Q
water to ensure removal of loosely bound minerals, followed by further incubation in fresh
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Milli-Q water at 37 °C for two days with regular water change of every 12 h to ensure
removal of the residual mineralization precursor ions trapped within the mineralized
hydrogel. All mineralized specimens were able to recover from their swollen state in high
salt mineralization solution to similar dimensions in water at the end of the 2-day post-
mineralization equilibration.

To examine the effect of repeated mineralization, pPSBMA hydrogels with a crosslinker
content of 0.265 mol% were repeatedly mineralized in fresh mineralization solution at a
heating rate of 0.2 °C/min up to four times.

2.4 Temporal pH changes of the mineralization solution with different heating rates

To monitor the changes of pH of the mineralization solution over time with different heating
rates, six groups of Erlenmeyer flasks (three flasks per group with each flask containing 45
mL of mineralization solution and one pPSBMA hydrogel with a crosslinker content of 0.265
mol%) were covered with perforated aluminum foils and heated from 37 °C to 95 °C at a
heating rate of 0.02 0.05, 0.1, 0.2, or 1.0 °C/min, respectively. At pre-determined sampling
intervals, 2 mL of mineralization solution was retrieved from the flask, cooled to rt before its
pH was measured by a VWR Symphony pH meter. Averaged pH values along with the
standard deviations for each of the 15 time points at each heating rate were plotted over
mineralization time.

2.5 Quantitation of calcium content of mineralized hydrogels

Total calcium content as a function of mineralization conditions was determined by
quantifying the Ca2* ions released from each mineralized hydrogel in a hydrochloric acid
solution with a Thermo Scientific calcium ion selective electrode attached to a VWR
Symphony pH/ISE meter. In a typical procedure, the mineralized hydrogel was placed in 10
mL of hydrochloric acid solution (pH 3) in a 20-mL glass vial and the pH was adjusted by
concentrated hydrochloric acid to around 2.1. The mineral was allowed to be fully released
from the hydrogel under constant shaking of the acidic solution on an orbital shaker, as
indicated by reaching a transparent appearance of the gel. lonic Strength Adjustment buffer
(ISA, 4 M KCI solution, VWR, 200 pL) was added to the acidic solution containing the
released calcium prior to measurement by the calcium ion selective electrode. The total
calcium content of each type of mineralized hydrogel (N = 3) was determined using a
standard curve generated by a series of acidic (pH 2.1) aqueous Ca2* ion standard solutions
containing 0.1, 0.01, 0.001, and 0.0001 M CaCls.

2.6 Real-time monitoring of the mineral release from the hydrogels

The progress of the mineral release from the mineralized hydrogel in hydrochloric acid (pH
1.5, 4.5 mL per specimen) was monitored by digital photographs of the specimen taken at 0,
10, 30, 60, 120, 180, 240, and 300 min of the incubation using a digital camera (Canon,
VIXIA HF200).

2.7 Zeta potential measurement

To examine how the ionic status of the zwitteironic pSBMA varied as a function of
significant pH changes during the mineralization, the zeta potentials of linear pSBMA
polymer (synthesized in our lab using the well-controlled atom transfer radical
polymerization process, Mn = 12424, PDI = 1.09) under varied solution pH were measured
on a Zetasizer (Zen3600, 633 nm laser, Malvern). Linear pSBMA solutions (3 mg/mL in
0.015 M NaCl ag. solution) were adjusted with a final pH of 3.01, 3.99, 5.30, 6.45, 7.03,
7.43 or 9.17 by aqueous HCI or NaOH, and placed in disposable capillary cells (DTS1061,
Malvern) for zeta potential measurement at 25 °C.
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2.8 Mechanical testing

It is known that increasing mineral content in a poorly integrated polymer-mineral
composite can result in the deterioration of the mechanical properties of the composite.
Thus, it is important to examine the macroscopic mechanical properties of the mineralized
pSBMA hydrogels under the context of increasing mineral contents. The compressive
behavior of fully hydrated mineralized zwitterionic hydrogel (# 4 in Supplementary Table
S2, with a crosslinker content of 0.265 mol%) as a function of the heating rate, along with
the un-mineralized control, was evaluated on a Q800 dynamic mechanical analyzer (DMA,
TA Instruments) equipped with a submersion compression fixture. The instrument has an
18-N load cell, a force resolution of 10 wN and a displacement resolution of 1.0 nm. Each
specimen fully equilibrated in water was compressed in a force-controlled mode at 25 °C,
ramping from 0.02 to 6.0 N at a rate of 1.0 N/min then back to 0.02 N at the same rate. A
pre-load of 0.02 N was applied. The averaged compressive stresses at 50% strain (N = 3) of
the composites were plotted as a function of the heating rate.

2.9 Microcomputed tomography (4-CT)

Mineralized hydrogel specimens (N = 3) were scanned on a Scanco p—CT40 scanner. The
effective voxel size of the reconstructed images was 8x8x8 um?3. Data were globally
thresholded and reconstructed to quantify the mineral volume (MV, mm3), mineral density
(MD, mg HA/cecm), mineral size (diameter or thickness, mm) distribution, mineral density
(1/mm) distribution and anisotropy of the composites. MV and MD were determined by a
direct analysis. MS/MV and anisotropy were determined by a TRI (plate mode) analysis.
Direct thickness distributions of the 3-D mineralized structures were determined with a
volume-based thickness definition. It defines the local thickness at a given point in the
mineralized structure as the diameter of the largest sphere including the point that can be
fitted within the structure. Mineral density (1/mm) distributions within the hydrogels were
visualized by reconstructing the respective AIM file with a colored density gradient range of
0.7-1.5 (1/mm). An un-mineralized hydrogel was also scanned as a negative control to
ensure proper setting of the threshold for analyses.

2.10 Cell encapsulation in hydrogels

The cyto-compatibility of three types of hydrogels with different overall charges,
zwitterionic pSBMA, cationic pPTMAEMA, and anioic pSPMA were investigated by the
viability of rat bone marrow stromal cells (rMSCs) encapsulated in these hydrogels. In a
typical procedure, 2 mmol of the respective hydrogel monomer was dissolved in 2 mL of
expansion medium (a-MEM supplemented with 20% FBS, 1% penicillin, 1% streptomycin,
and 2% glutamine) mixed with 100 L PBS solution of 2 wt% VA-086 (Wako) and a
predetermined amount of water-soluble crosslinker polyethylene glycol dimethacrylate
(PEGDMA, M,=750, Sigma-Aldrich) as described listed in Table S1 (No. 5-7). Given the
drastically different swelling behavior of cationic, anionic and zwitterionic hydrogels, the
PEGDMA crosslinker contents applied to the respective hydrogels were adjusted to achieve
comparable equilibrium gel volumes in culture media, thus comparable initial cell
encapsulation density within the various hydrogels. The mixture was sterile-filtered through
a 0.2-pum sterile polyethersulfone syringe filter. Passage 1 rMSC, isolated from the femoral
marrow canal of skeletally mature SASCO SD rats (Charles River Lab, 8-10 week old) and
enriched by adherent culture [45], were plated in expansion media for 24 h before they were
trypsinized, counted, and suspended into the respective monomer/crosslinker/initiator
mixture solutions (108 cells/mL). The rMSC-containing solution was then transferred to a
custom-made Teflon mold of square prism wells (5 mm x 5 mm; 50 pL/well) and solidified
under the irradiation of 365-nm light for 10 min in a sterile hood. All cell-hydrogel
constructs were cultured for up to 4 days in humidified incubation (5% CO,, 37 °C) before
being subjected to live/dead cell staining.

Biomaterials. Author manuscript; available in PMC 2014 March 01.
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2.11 Live/dead cell staining and confocal microscopy

The hydrogel-cell constructs were stained using a LIVE/DEAD viability/cytotoxicity kit
(Molecular Probes) following the vendor’s protocol. Live cells were stained with green
fluorescence by intracellular esterase-catalyzed hydrolysis of Calcein AM, and dead cells
were stained red by ethidium homodimer-1 penetrated through the damaged membranes and
bound with nucleic acids. After being stained for 30 — 45 min at 37 °C, the stained
hydrogel—cell construct was retrieved and mounted in a Cellview culture dish (Greiner) and
imaged on a Leica TCS SP2 confocal microscope. Calcein was excited at 488 nm and
observed with the FITC filter (518-542 nm) while ethidium homodimer-1 was excited at
543 nm and observed with the TEXAS RED filter (625-665 nm). Confocal Z-stack images
of encapsulated rMSC over the depth of 80 wm (8 consecutive 10 m slices) were overlaid.

2.12 MTT Cell viability assay

The viability of the rMSCs encapsulated in the zwitterionic pSBMA and the uncharged
PEGMA control with established cytocompatibility (prepared by crosslinking PEGMA
monomer from Sigma-Aldrich, Mn = 360, at the same crosslinker content of 1.33 mol%
applied to pSBMA) were evaluated by an MTT cell proliferation kit (Roche) at 24 and 96 h
after the initial cell encapsulation. The gel-cell constructs were cultured in expansion media
(a.-MEM supplemented with 20% FBS, 1% penicillin, 1% streptomycin, and 2% glutamine).
MTT labeling reagent (50 L) was added to each well containing culture media & cell-
hydrogel construct and incubated for 11 h in humidified incubation (5% CO,, 37 °C).
Solubilization solution (500 p.L) was then added and incubated for an additional 12 h to
release the purple formazan from the 3-D hydrogels. The absorbance of the collected
supernatant (N=3) was read at 570 nm (with background correction read at 690 nm) on a
MULTISCANFC spectrophotometer (Thermo Scientific).

2.13 Scanning electron microscopy (SEM)

The mineral morphologies at both the surface and the cross-section of air-dried mineralized
hydrogels, sputter coated with 4-nm gold, were observed by SEM on a Quanta 200 FEG
MKII microscope equipped with an Oxford-Link Inca 350 X-ray spectrometer (Oxford
Instruments) under an accelerating voltage of 10 kV and a spot size of 3.0 um. For the
cross-section observation, air-dried mineralized hydrogels were bisected by a razor blade.

2.14 Focused ion beam (FIB) processing and transmission electron microscopy (TEM)

Air-dried cubic mineralized specimens were first bisected with a razor blade to expose the
mineral domains at the cross-section and sputter coated with 8 nm of gold. Selected mineral
domains at the cross-section were further sectioned with a Zeiss NVision 40 dual-beam
Focused lon Beam (FIB) using 30 kV Ga* ions. A U-cut (1.5 nA) was performed, followed
by further ion polishing (5 kV, 40 pA) to thin the regions of interest to achieve TEM
transparency (< 100 nm in thickness). The thinned FIB specimens were then examined on an
FEI transmission electron microscope (Tecnai 12 Spirit) at 80kV and on a high-resolution
transmission electron microscope (JEOL 2000FX) at 200 kV. The relative intensities of the
002, 004, and 211 diffraction arcs or spots in selected area electron diffraction (SAED) were
analyzed by ImageJ. The chemical compositions of the thinned mineral specimens (FIB
samples) were examined on a JEOL 2010 TEM/STEM equipped with Energy Dispersive X-
ray Spectroscopy (EDS). Three random points on each specimen were scanned.
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To test the hypothesis that zwitterionic ligands are effective mineral nucleating ligands and
cytocompatible matrix for potential tissue engineering applications, comparisons between
the zwitterionic (pSBMA\) with other charged or uncharged ligands, similar
polymethacrylate hydrogels bearing cationic ((TMAEMA), anionic (pSPMA), and polar
uncharged (pHEMA) side chains that photo-crosslinked with identical crosslinker content
(Supplementary Table S1) were investigated. The photo-crosslinked polymethacrylate
hydrogels were placed in the mineralization solution and subjected to heterogeneous HA-
mineralization driven by gradual pH increases resulting from controlled thermal
decomposition of urea upon heating from 37 °C to 95 °C at a rate of 0.2 °C/min[27, 46].

SEM and p—CT analyses revealed that although substantial mineralization occurred on all
hydrogel surfaces with varying surface mineral morphologies (Supplementary Fig. S1), the
degrees of mineralization within the interior of these 3-D hydrogel scaffolds varied
significantly (Fig. 2a). Consistent with previous finding[27], the mineralization of the
uncharged polar pHEMA hydrogel was limited to the surface of the hydrogel. By contrast,
the interior of cationic and anionic hydrogels were mineralized with spherical mineral
nodules (Fig. 2b), likely benefiting from a combination of their exceptionally high swelling
ratios that facilitated precursor ion infiltrations, and the ability of the charged residues to
stabilize initial ACP and decrease the interfacial energy for subsequent nucleation and
growth of mineral crystals[17]. The most striking observation is that the zwitterionic
hydrogel not only was substantially mineralized, but also exhibited much higher mineral
content than its anionic and cationic counterparts mineralized under identical conditions
(nearly 3 times higher in mineral content when normalized against their respective
equilibrium volumes in PBS, Fig. 2c). This finding supports our hypothesis that zwitterionic
hydrogels are more advantageous than both cationic/anionic and uncharged hydrogels in
templating extensive 3-D mineralization. The sufficient (unlike pHEMA) yet not excessive
(unlike p TMAEMA or pSPMA) swelling behavior of pPSBMA in aqueous salt solutions as
well as the ability of the zwitterionic ligands to recruit and stabilize oppositely charged
precursor ions or ion clusters have likely made the difference in achieving 3-D
mineralization with much higher mineral density. It is worth noting that within the range of
pH increases during the urea thermal decomposition-mediated mineralization process (Fig.
2d), there is no significant fluctuation in zeta potential of the zwitterionic ligands as shown
by the measurements taken with a linear pSBMA model polymer (Fig. 2e). This observation
is consistent with previous reports [47] and suggests that the ability of the zwitterionic
sulfobetaine ligands within the crosslinked pPSBMA hydrogel to facilitate active infiltration
of oppositely charged precursor ions or ion clusters is maintained throughout the
mineralization process.

The mineral nodules formed within the interior of pPSBMA were structurally well-integrated
with the templating hydrogel matrix, as supported by SEM micrographs of the cross-sections
of the composite (Fig. 3a). No delamination of the spherical mineral nodules from the
hydrogel matrix was observed when the air-dried composites were fractured to expose the
cross-sections. To examine the crystallinity and alignment of these mineral nodules at the
nano-scale, the exposed cross-section was processed by focused ion beam to obtain an ultir-
thin section of a typical spherical mineral nodule (FIB, Fig. 3a) and subjected to TEM, HR-
TEM, SAED, and EDS analyses. The mineral nodule was predominantly crystalline in
nature (Supplementary Fig. S2), and the corresponding SAED of the TEM micrograph (Fig.
3b) exhibited more intense arcs corresponding to the (002) and (004) faces of HA than that
corresponding to the (211) face (Fig. 3c), suggesting a preferential alignment of HA crystals
along the caxis. The lattice spacings of 0.28 nm and 0.34 nm measured from the HR-TEM
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micrographs of randomly selected areas (Fig. 3d) correspond to the (002) and (211) faces of
HA[48, 49], agreeing with the intense diffraction ring patterns revealed by the SAED over
the same areas (Fig. 3d inset). Finally, S signal associated with the pPSBMA hydrogel matrix
(Fig. 3e) was consistently detected along with the Ca and P signals from the EDS spectra
recorded on the ultra-thin FIB specimens (multiple randomly chosen areas were analysed for
each specimen), further supporting structural integration of the mineral nodules with the
templating organic matrix.

3.2. Cytocompatibility of zwitterionic pSBMA hydrogel vs. cationic and anionic
counterparts

We further test the hypothesis that the overall charge-neutral zwitterionic sulfobetaine
ligands exhibit further advantage over polyelectrolyte mineral nucleating ligands in terms of
cytocompatibility. To compare the cytotoxicity of these ligands imposed on skeletal
progenitor cells, rat bone marrow stromal cells (rMSC) were encapsulated within pPSBMA,
pTMAEMA and pSPMA hydrogels crosslinked by poly(ethylene glycol) dimethacrylate
(PEGDMA, M, = 750). The PEGDMA crosslinker was chosen for its aqueous solubility and
well established cytocompatibility, which would help narrow down contributing factors to
any observed cytotoxicity to the anionic, cationic or zwitterionic ligands. Given the
dramatically different swelling behavior of these hydrogels, the PEGDMA crosslinker
content was adjusted for each gel type (Supplementary Table S1) to ensure comparable
equilibrated cell-hydrogel construct volume in culture media (thus comparable 3-D cell
encapsulation density). Live/dead cell straining performed after 96 h culture of the cell-
hydrogel constructs revealed a significant number of dead cells in the cationic p TMAEMA
hydrogel, consistent with previous reports on the cytotoxicity associated with polycationic
scaffolds.[50, 51] By contrast, MSCs encapsulated within the zwitterionic pPSBMA hydrogel
remained mostly viable after the 4-day culture (Fig. 4). Indeed, the viability and early
proliferation of rMSCs encapsulated within the pSBMA hydrogel, determined by MTT cell
viability assay, was comparable to those encapsulated within the cytocompatible PEGMA
hydrogel control (Supplementary Fig. S3). This observation is consistent with previous
reports on the cytotoxicity associated with highly charged polyelectrolyte, particularly
polycationic, scaffolds [50, 51]. These observations, combined with the ability of
sulfobetaine ligands to template more extensive/higher-density, well-integrated 3-D
mineralization of synthetic scaffolds than its charged or uncharged counterparts, suggests a
promising role of this zwitterionic ligand in enabling improved osteointegration of scaffold-
assisted skeletal tissue repair. Motivated by such exciting potentials, we further investigate
feasible regulations of the HA mineralization outcome templated by the zwitterionic
hydrogel.

3.3. Regulating the HA-mineralization outcome of zwitterionic pSBMA hydrogels

To better understand the HA-mineralization mediated by the zwitterionic ligand and to
optimize the mineralization outcome, we further investigated whether and how the size,
spatial distribution and total mineral content of the mineral domains within the pPSBMA
hydrogel can be modulated. We hypothesize that by altering the controlled heating rate of
the urea decomposition-mediated heterogeneous mineralization process (thus the rate/degree
of supersaturation) and the crosslinker content (thus the swelling ratio of the pSBMA
hydrogel in high ionic-strength mineralization solution and the diffusibility of precursor
ions), fine control over the /7 vitro mineralization outcome can be accomplished (type I, 11,
and I11, Fig. 5). Finally, we hypothesize that by repeating an optimized mineralization
process, the extent of the 3-D mineralization can be further improved.

3.3.1 Regulating HA mineralization outcome by heating rate—We first
demonstrated that by altering the heating rate (0.02-1.0 °C/min; Supplementary Table S2),
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thus the rate of pH changes governing the supersaturation[52] and the duration of the urea
thermal decomposition-mediated mineralization process, the extent of mineralization within
pSBMA hydrogel at a given crosslinker content (e.g. 0.265 mol% EGDMA) can be
drastically altered (Figs. 6a—g). At the fast heating rates of =0.5 °C/min, the hydrogel was
minimally mineralized (Figs. 6a & 6b, Supplementary Figs. S4 & S5). This is likely due to
the insufficient time (as a result of the fast pH increases revealed by pH-time plot in
Supplementary Fig. S6) for the rapidly supersaturated precursor ions or pre-nucleation ion
clusters to diffuse into the hydrogel for heterogeneous nucleation and growth into stable
micrometer-sized minerals identifiable by SEM and p-CT. At heating rates of 0.1-0.5 °C/
min, however, the hydrogels could be substantially mineralized (Figs. 6a & 6b,
Supplementary Figs. S4 & S5), with the mineral volume and total calcium content
(determined by -CT analysis in Fig. 6¢ and calcium release assays in Fig. 6d, respectively)
increased with decreasing heating rates. More sufficient time for sustained mineral growth
and more gradual pH increases resulting from the slower heating rates (Supplementary Fig.
S6) are primary contributing factors to the more robust mineralization throughout the 3-D
scaffold. However, such an effect plateaued with further decreases of the heating rate, which
did not lead to substantial continued increase in mineral content (Figs. 6¢ & d).

Interestingly, the size and spatial distribution of the mineral domains within the hydrogel
also dramatically altered with the heating rate (Figs. 6a & 6b, Supplementary Figs. S4 &
S5). At the faster heating rates of 0.5-1.0 °C/min, isolated small spherical mineral nodules
(Type I, Fig. 5), characterized with a narrow mineral size distribution (8-24 um; Fig. 6a),
relatively low mineral density (Figs. 6e & g) and low anisotropy (Fig. 6f), were formed
across the hydrogel as supported by SEM micrographs (Supplementary Figs. S4, S7a &e).
Although the higher supersaturation resulting from the faster heating (e.g. 0.5 °C/min,
Supplementary Fig. S6) could expedite the heterogeneous nucleation and growthl1], the
limited time (Supplementary Fig. S6, Supplementary Table S3) may have prevented
adequate diffusion of precursor ions into the hydrogel to compensate the locally depleted
precursor ion (due to mineral growth), resulting in the limited size of the mineral nodules.
When slower heating rates (0.1-0.2 °C/min) were employed, larger spherical mineral
nodules (Type I, Fig. 5) with narrow Gaussian mineral size distribution (diameters 30-60
pwm; Figs. 6a & 6b, Supplementary Figs. S4, S7b & f) resulting from more sufficient time for
ion diffusions and mineral growth were indeed obtained. The increase in size of the mineral
nodules was accompanied by a relative increase in anisotropy (Fig. 6f). At the heating rate
of 0.05 °C/min, even larger spherical mineral domains containing multiple nucleation
centers, with their sizes deviating from the typical Gaussian distributions, were formed
(Figs. 6a & 6b, Supplementary Figs. S7c & g). Such morphologies represent the departure
from the typical type 1l mineral morphology (Fig. 5). When the heating rate was further
reduced to 0.02 °C/min, bicontinuous mineral aggregates of small, Liesegang ring-like,[53]
spherical nodules were formed in high anisotropy across the hydrogel (Figs. 6a, b & f,
Supplementary Figs. S4, S5, S7d & h) We hypothesize that the relative lower level of
supersaturation and the more sufficient time resulting from the slower increase in pH with
the much reduced heating rate would allow the slowly grown minerals to aggregate by
interparticle forces[54]. The heating rate-dependent density, volume and spatial distribution
of the minerals within the mineralized composites were also confirmed by the temporal
changes in appearance of the composites as they were demineralized by acid treatment
(Supplementary Fig. S8).

The mineral nodules in all composites examined were structurally well-integrated with the
hydrogel matrix, as evidenced by SEM micrographs of the cross-sections of the composites
(Supplementary Fig. S7). No delamination of the spherical mineral nodules from the
hydrogel matrix was observed when the air-dried composites were fractured to expose the
cross-sections. In addition, we observed steady increases in stiffness and compressive
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modulus of the hydrated composites as the total mineral contents increased with slower
heating rates (Supplementary Fig. S9), further supporting the good structural integration
between the organic and inorganic components. It is likely that the increased connectivity of
the mineral domains (higher anisotropy) within the composite mineralized with the slowest
heating rate examined (0.02 °C/min) also contributed to further improvements in its
compressive modulus (e.g. modulus at 50% strain, Supplementary Fig. S9b) as there was no
significant difference between its total mineral content and that mineralized with the heating
rate of 0.05 °C/min.

3.3.2 Regulating HA mineralization outcome by crosslinking content of
pSBMA—We next tested the hypothesis that the chemical crosslinker content can
significantly influence the solute diffusibility as a result of the unique swelling behavior of
the zwitterionic hydrogel in a high-salt environment (Fig. 7c) such as the supersaturated
mineralization solution, thereby influencing the mineralization outcome. Six hydrogels with
EGDMA crosslinker contents ranging from 0.027 to 2.651 mol% were mineralized with a
fixed heating rate of 0.2 °C/min (Supplementary Table S2). The mineral volume, mineral
size distribution, and total mineral content of these composites, determined by -CT
analyses and calcium release assays, inversely correlated with the crosslinker content (Figs.
7a, b, d & e), with substantial mineralization across the 3-D scaffolds (Fig. 7a,
Supplementary Figs. S10 & S11). SEM micrographs (Fig. 7b, Supplementary Fig. S12)
revealed that pPSBMA with higher crosslinker contents (2.651 and 1.326 mol%) were
mineralized with smaller spherical mineral nodules (type I, Fig. 5) while those with medium
crosslinker contents (0.663, 0.265, and 0.133 mol%) were mineralized with larger spherical
mineral nodules (type I1, Fig. 5) within the hydrogel interior. The increase in size of the
mineral domains (Fig. 7a) with decreasing crosslinker content at the given heating rate could
be attributed to the significantly higher swelling ratio for the hydrogels with lower
crosslinker content (e.g. volume swelling ratios in PBS: ~22 for the 0.027 mol% gel vs. ~2
for the 2.651 mol% gel, Fig. 7c). The significant increase in volume of the swollen hydrogel
may have further facilitated the zwitterionic ligand-mediated active infiltration of precursor
ions and more sustained growth of mineral domains. Closer examination of the composites
mineralized from the hydrogel with very low crosslinker content (0.027 mol%) by SEM
(Fig. S12) revealed large spherical mineral domains comprising of multiple nucleation
centers, signaling a departure from the typical type Il mineral morphology and the
transitioning into the type 111 mineral morphology where smaller mineral nodules aggregate.
Interestingly, unlike mineral volume and total calcium content, the mineral density of these
composites steadily increased with increasing crosslinker contents from 0.027 to 0.663 mol
%, before reaching a plateau at the crosslinker content beyond 1.326 mol% (Supplementary
Fig. S13, note that no statistically significant difference in mineral density was observed
from the composites with 1.326 and 2.651 mol% crosslinker contents). The loosely
crosslinked hydrogels have likely allowed better diffusion of precursor ions, thereby
replenishing precursor ions due to mineral nucleation and growth in a timely manner to
sustain a relative high supersaturation (S) within the hydrogel microenvironment, resulting
in a fast mineral growth rate Jg[1].

3.3.3 A model of synergistic modulation of mineralization outcome by heating
rates and crosslinker contents—The above investigation of the roles of heating rate
(mineralization time) and covalent crosslinker content on the mineralization outcome of the
zwitterionic pSBMA hydrogel supported that three predominant types of mineral domains
can be obtained by tuning these experimental parameters (Fig. 5). We found that lower
contents of isolated small spherical mineral nodules (Type 1) tended to form with either
faster heating rates (1.0 and 0.5 °C/min) or higher pSBMA crosslinker contents (2.651 and
1.326 mol%). These conditions limited either the time for sufficient precursor ion diffusions
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across the hydrogel and/or space for continued mineral growth within the hydrogel. Higher
mineral content and larger spherical mineral nodules within the pSBMA hydrogels (type I1)
could be obtained with medium heating rates (0.2 and 0.1 °C/min) or medium crosslinking
densities (0.663, 0.265 and 0.133 mol%) as these conditions allowed more sufficient time
and space for sufficient ion diffusion, maintaining the local supersaturation for sustained
mineral growth. Formation of stripe-like bicontinuous mineral aggregates of small spherical
mineral nodules within the hydrogel (Type 111) could be accomplished with either much
slower heating rate (0.02 °C/min) or very low crosslinking densities (<0.027 mol%). These
conditions may have allowed sufficient time, space or polymer chain mobility (e.g. higher
polymer chain motilities are expected within the less crosslinked hydrogel network) for the
slow-growing mineral domains to interact and aggregate. Borderline crosslinker content
such as 0.027 mol% and borderline heating rate such as 0.05 °C/min led to mineral
morphologies departing from Type Il and transitioning to Type Ill. To validate this proposed
model, we demonstrated that lowering the mineralization heating rate of the pSBMA
hydrogel with borderline crosslinker content of 0.027 mol% from 0.2 to 0.05 °C/min
(increasing mineralization time from 4.8 to 19.3 h) indeed resulted in the transitioning from
Type Il spherical mineral morphology to Type 11 stripe-like morphology with increasing
mineral volume (Figs. 8a & b). Likewise, lowering the crosslinker content from a medium
0.265 mol% to the lower 0.027 mol% at a given borderline heating rate of 0.05 °C/min also
led to the transitioning from the Type Il morphology to the higher mineral content, stripe-
like type 111 morphologies (Figs. 8a & c).

3.3.4. Effect of repeated mineralization cycles on mineralization outcome—
Finally, we demonstrated that by repeating the urea thermal decomposition-mediated HA-
mineralization process to pPSBMA (e.g. with the borderline 0.027 mol% crosslinker content
and a heating rate of 0.2 °C/min), the overall mineral content and the number of the mineral
modules were steady increased (Fig. 9). This finding offers a practical approach to further
modulating the mineralization outcome, achieving even more extensively mineralized
zwitterionic hydrogel-HA composites if desired.

4. Conclusions

Inspired by the synergistic roles of oppositely charged residues in natural biomineralization
processes, here we explore the strategic use of zwitterionic ligands to more effectively
template the HA-mineralization of synthetic scaffolds. We showed that zwitterionic
sulfobetaine is effective in templating extensive heterogeneous HA-mineralization across 3-
D hydrogel scaffolds. The uniquely positioned opposite charges have likely played a critical
role in facilitating active infiltration of oppositely charged precursor ions or pre-nucleation
ion clusters[17, 26] and lowering the interfacial energy for heterogeneous nucleation and
growth. Although 3-D mineralization of HA can also be achieved in anionic or cationic
hydrogels, the significantly more cytocompatible pSBMA, along with its appropriate (not
excessive) swelling behavior under physiological conditions, make the zwitterionic hydrogel
uniquely suited for potential /7 vivo applications and for the preparation of higher density
composites. The end-stage the mineralization outcome of the zwitterionoic hydrogel,
including size, density, and the spatial distribution of the templated mineral growth, can be
readily controlled through facile adjustments of the heating rate of the urea thermal
decomposition-mediated mineralization process and the crosslinker content of the
zwitterionic hydrogels. The inexpensive sulfobetaine can be incorporated into a wide variety
of synthetic scaffolds, offering greater versatility than natural ECM such as collagen for
scaffold-assisted skeletal tissue repair. Other zwitterionic molecules such as the
phosphobetaine and carboxybetaine may also be explored as cytocompatible mineral
nucleating ligands, and, collectively, could usher in creative utilization of zwitterionic
polymers or polymer coatings for a wide range of orthopedic and dental applications.
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Figure 1.

Schematical illustrations of (a) the swelling behaviour of a crosslinked 3-D zwitterionic
polymer scaffold in water vs. in aqueous saline solution, and (b) 3-D HA-mineralization of a
zwitterionic polymer scaffold driven by a gradual increase of supersaturation resulting from
the thermal decomposition of urea.
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a Hydrogels with identical crosslinker content (EGDMA, 1.326 mol %) but varied ionic status
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Figure2.

(a) Micro-CT sagittal cross-section views and (b) mineral content (n=3, determined by -
CT) of chemically crosslinked polymethacrylate hydrogels with varied side chain
chemistries and ionic charges upon mineralization. All hydrogels were mineralized at a
heating rate of 0.2 °C/min. The mineral content was normalized against equilibrium volume
(EV) of the respective hydrogels in PBS. (c) Swelling ratio of the un-mineralized hydrogels
(n=3) by weight (S,) in pure water and PBS, respectively. (d) Temporal pH changes of the
mineralization solution (n=3). (e) Zeta potential of linear pPSBMA (M, = 12424, PDI = 1.09,
3 mg/mL in 0.015 M NaCl aqueous solution) as a function of pH.
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Figure 3.

(a) SEM and TEM micrographs illustrating FIB processing and thinning of a mineral
noduled formed within the interior of a mineralized pPSBMA specimen. (b) TEM micrograph
and (c) the corresponding SAED pattern & lattice plane intensities of the FIB-thinned
mineralized specimen. (d) HR-TEM micrograph and SAED (inset) of a randomly chosen
area shown in b). (e) Representative EDS spectrum acquired on the ultra-thin FIB specimen.
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Figure4.

Confocal Z-stack (80 pm) images of live (green)/dead (red) rat bone marrow stromal cells
(rMSC, 108 cells/mL) encapsulated in the cationic () TMAEMA), anionic (pSPMA), and
zwitterionic (0SBMA) hydrogels after culturing the cell-hydrogel constructs for 96 h.
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Figure5.

Modulating mineral morphology and spatial distribution of the mineralized pPSBMA as a
function of the chemical crosslinker content and the heating rate of the urea thermal
decomposition-mediated mineralization process. Type I: isolated small spherical mineral
nodules resulting from faster heating rates (1.0 and 0.5 °C/min) or higher crosslinker
contents (2.651 and 1.326 mol%); Type Il: large spherical mineral nodules resulting from
medium heating rates (0.2 and 0.1 °C/min) or medium crosslinker contents (0.663, 0.265,
and 0.133 mol%); Type Il1: stripe-like bicontinuous mineral aggregates of small spherical
nodules resulting from slower heating rates (0.02 °C/min) or lower crosslinker contents
(<0.027 mol%).
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a pSBMA hydrogels mineralized with different heating rates from 37 °C to 95 °C (°C/min)
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Figure®6.

Effect of heating rate (overall mineralization time) on the pSBMA hydrogel mineralization
outcomes. (a) u-CT views (sagittal and coronal) of the mineralized hydrogels and the
respective mineral size distribution as a function of the heating rate of the urea thermal
decomposition. (b) SEM micrographs revealing the mineral nodule morphologies at the
cross-sections of mineralized hydrogels as a function of the heating rate. (c) Mineral volume
of the mineralized hydrogels (determined by .-CT, n=3) as a function of the heating rate
and the overall mineralization time. (d) Total calcium content of mineralized hydrogel
(determined by selective ion electrode upon acid treatment, n=3) as a function of heating
rate and overall mineralization time. (e) Mineral density of mineralized hydrogels
(determined by p-CT) as a function of heating rate. (f) Anisotropy of the mineralized
hydrogels (determined by p-CT, n=3) as a function of heating rate and overall
mineralization time. (g) Mineral density distribution across the mineralized hydrogels as
visualized by color mapping of sagittal cross-sections (by p-CT) as a function of heating
rate. Statistical significance was determined by one-way ANOVA with Tukey’s multiple
comparison. Pairwise comparisons of each parameter with those obtained at the fastest
heating rate are statistically significant (P < 0.05) unless denoted as NS (not significant).
Complete pairwise comparisons are shown in Supplementary Tables S4-S7.
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PSBMA hydrogels with different crosslinker content (mol%)
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Figure7.

Effect of chemical crosslinker content on the pSBMA hydrogel mineralization outcome. (a)
p-CT views (sagittal and coronal) of the mineralized hydrogels and respective mineral size
distribution in diameters (determined by -CT) as a function of the crosslinker content. (b)
SEM micrographs of the cross-sections of the mineralized hydrogels as a function of the
crosslinker content. (c) Swelling ratios of pPSBMA hydrogels by volume (S,) in water (red)
and in PBS (green) as a function of the chemical crosslinker content (n=3). The swelling
ratios of pSBMA hydrogels in water by weight (S,,, black) and by volume (S, red) are
plotted in the inset. (d) Mineral volume of the mineralized hydrogels (determined by p-CT,
n=3) as a function of crosslinker content. (e) Total calcium content of the mineralized
hydrogels (determined by selective ion electrode upon acid treatment, n=3) as a function of
the crosslinker content. All hydrogels were mineralized with a heating rate of 0.2 °C/min.
Statistical significance was determined by one-way ANOVA with Tukey’s multiple
comparison. Pairwise comparisons of each parameter with those obtained with lowest
crosslinker content (0.027 mol%) are statistically significant (P < 0.05) unless denoted as NS
(not significant). Complete pairwise comparisons are shown in Supplementary Tables S9 &
S10.
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Figure8.

Effects of prolonged mineralization (slower heating rate) vs. crosslinker content, as well as
repeating mineralization cycles, on the mineralization outcome of pPSBMA hydrogel. (a)
SEM micrographs and -CT views of the sagittal cross-sections of the mineralized
hydrogels with lower crosslinker content and shorter mineralization time (faster heating rate,
left), lower crosslinker content and longer mineralization time (slower heating rate, middle),
and higher crosslinker content and longer mineralization time (slower heating rate, right).
(b) Mineral volume (determined by p.-CT, n=3) as a function of mineralization time (heating
rate) at a low hydrogel crosslinker content of 0.027 mol%. (c) Mineral volume (determined
by n-CT, n=3) as a function of hydrogel crosslinker content with slower heating rate of 0.05
°C/min (mineralization time of 19.3 h).
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Figure9.

Effect of repeated mineralization cycles on the mineralization outcome of pPSBMA. (a)
Sagittal u-CT cross-section views, (b) mineral content, and (c) mineral nodule numbers
(both by n-CT, n=3) as a function of the number of repeated mineralization cycles.
Statistical significance are determined by one-way ANOVA with Tukey’s multiple
comparison. All pairwise comparisons are significant (P < 0.05) unless denoted as NS (not
significant).
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