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Abstract

There is growing evidence indicating the need to combine the rehabilitation and
regenerative medicine fields to maximize functional recovery after spinal cord injury
(SCI), but there are limited methods to synergistically combine the fields. Conductive
biomaterials may enable synergistic combination of biomaterials with electric stimula-
tion (ES), which may enable direct ES of neurons to enhance axon regeneration and
reorganization for better functional recovery; however, there are three major chal-
lenges in developing conductive biomaterials: (1) low conductivity of conductive
composites, (2) many conductive components are cytotoxic, and (3) many conductive
biomaterials are pre-formed scaffolds and are not injectable. Pre-formed, non-
injectable scaffolds may hinder clinical translation in a surgical context for the most
common contusion-type of SCI. Alternatively, an injectable biomaterial, inspired by
lessons from bioinks in the bioprinting field, may be more translational for contusion
SCls. Therefore, in the current study, a conductive hydrogel was developed by incor-
porating high aspect ratio citrate-gold nanorods (GNRs) into a hyaluronic acid and
gelatin hydrogel. To fabricate nontoxic citrate-GNRs, a robust synthesis for high
aspect ratio GNRs was combined with an indirect ligand exchange to exchange a
cytotoxic surfactant for nontoxic citrate. For enhanced surgical placement, the hydro-
gel precursor solution (i.e., before crosslinking) was paste-like, injectable/bioprintable,
and fast-crosslinking (i.e., 4 min). Finally, the crosslinked hydrogel supported the
adhesion/viability of seeded rat neural stem cells in vitro. The current study devel-
oped and characterized a GNR conductive hydrogel/bioink that provided a refinable
and translational platform for future synergistic combination with ES to improve

functional recovery after SCI.
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1 | INTRODUCTION

Spinal cord injury (SCI) affects 294,000 people in the United States
currently, with 17,800 new patients every year.> Functional recov-
ery is uncommon after SCI with current clinical treatments. There
are two main approaches to promote functional recovery after SCI:
(1) rehabilitation approaches (e.g., motor training, electrical stimula-
tion [ES]) and (2) regenerative medicine approaches (e.g., cells,
drugs, biologics, scaffolds). For SCI, rehabilitative and regenerative
medicine approaches individually have not yet resulted in full func-
tional recovery in humans, and each has limitations.? The combina-
tion of regenerative medicine and rehabilitation, known as
regenerative rehabilitation,®> may be needed for full functional recov-
ery. First, regenerative medicine may be needed to regenerate the
axonal pathways, and second, rehabilitation approaches may be
needed to promote functionality of the axons. Several in vivo stud-
ies*> using regenerative rehabilitation have already produced better
outcomes for nerve regeneration after SCI; however, there are few
clinical trials for SCI using regenerative rehabilitation (e.g., cells +
motor training [clinicaltrials.gov: NCT03979742, NCT03225625],
scaffold + EES [NCT03966794]). Ultimately, there is a need for
regenerative medicine approaches to be translated for use in the
clinic and to be developed to complement and enhance rehabilita-
tion approaches.

Therefore, the focus of the studies here was to develop a con-
ductive biomaterial that, in the future, would be able to synergize
and enhance rehabilitation approaches, and specifically the use of
ES.? Conductive biomaterials (and biomaterials in general) have the
potential to replace/reduce the inhibitory environment that prevents
axon regeneration, which rehabilitative approaches typically cannot
accomplish. However, conductive biomaterials (a regenerative
approach) combined with ES and motor training (rehabilitative
approaches) have the potential to better deliver ES directly to neu-
rons (as compared to traditional nonconductive biomaterials), which
may simultaneously promote axon regeneration and neural plasticity
for enhanced functional recovery.®” Conductive materials and ES
combined have improved in vitro differentiation and neurite
growth® and may be able to regenerate damaged axons in vivo.
Furthermore, ES after tissue regeneration may facilitate reorganiza-
tion of intact spinal networks with the regenerated axons and pro-
mote better functional recovery.

There are three major challenges in developing conductive bioma-
terials: (1) low conductivity of conductive composites, (2) most con-
ductive components are cytotoxic, and (3) most conductive
biomaterials are pre-formed scaffolds, which may have limited surgical
translation. First, given that most biomaterials are insulators, conduc-
tive composites (in the semi-conductor range) have typically been cre-
ated by combining biomaterials with added conductive components
(e.g., carbon-based structures, conductive polymers, metallic-based
particles?). Gold nanoparticle-based composites have been widely
investigated for tissue engineering purposes, particularly in cardiac,
muscle, and peripheral nerve applications. Specifically, gold nanorod

(GNR) biomaterials are promising conductive biomaterials that have

been developed and used for cardiac tissue engineering,’*? but
have not yet been applied to SCI.

The second major challenge is eliminating the cytotoxicity of the
CTAB surfactant required for shape control and rod formation during
the synthesis of GNRs.'® Given that GNR containing biomaterials will
eventually release the GNRs after in vivo degradation, any remaining
CTAB may potentially cause toxic in vivo side effects. Direct ligand
exchange is commonly used to replace nanoparticle stabilizers or
coatings; however, direct ligand exchange has low efficacy because
CTAB binds more strongly to gold than common nontoxic ligands
(e.g., citrate, polyethylene glycol [PEG]). Indirect ligand exchanges
have been successful in replacing the cytotoxic CTAB with citrate,'*
but have not yet been applied in vitro or in vivo.

The third major challenge is the surgical placement of the bio-
material. GNR biomaterials (and biomaterials in general) are typi-
cally pre-formed solid scaffolds, which generally may not be
relevant to a human contusion SCI with ill-defined borders. Inject-
able hydrogel precursors (i.e., before crosslinking) that can form a
within  the

(i.e., crosslinked in situ) are well-suited for surgical placement in a

hydrogel under biological conditions injury
translational context for SCI. Unfortunately, hydrogel precursors
are traditionally less viscous and leak out of the injury before
crosslinking. To aid in placement and retainment of hydrogel pre-
cursors within an injury, a more viscous or paste-like rheology of
the precursor is needed, and we therefore draw inspiration from
bioinks from the extrusion bioprinting field.1>¢

The purpose of the current study was to fabricate a translational
biomaterial platform for SCI by developing a hydrogel that was (1) con-
ductive once crosslinked, (2) not cytotoxic, and (3) possessed an
injectable and paste-like precursor. In the current study, we synthe-
sized high aspect ratio, citrate capped-GNRs (citrate-GNRs) and incor-
porated them into a bioprintable hydrogel formulation comprised of
pentenoate-functionalized hyaluronic acid (PHA) and pentenoate-
functionalized gelatin (PGel). We evaluated the conductivity and abil-
ity of the GNR hydrogels to support the adhesion and viability of rat
neural stem cells (rNSCs). We characterized the rheology of the GNR
hydrogel precursor for evaluating the injectability and paste-like con-

sistency for both, translatability and printability.

2 | MATERIALS AND METHODS

21 | Materials

Gold(lll) chloride trihydrate (HAuCl,, 299.9%), hexadecyltri-
methylammonium bromide (CTAB) (299%), hydrochloric acid
(HCI, 37%), hydroquinone (299.0%), nitric acid (HNO3, 70%), poly-
vinylpyrrolidone (PVP, My: 55,000), silver nitrate (AgNQO3, 299%),
sodium borohydride (NaBH,4, 99%), sodium hydroxide (NaOH, >98%),
hydrogen peroxide (H,O,, 30%), L-ascorbic acid (AA, 298%), sodium
citrate tribasic dihydrate (299%) and all other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, Missouri) unless otherwise
noted. Acetone (299.5%) was purchased from VWR (Radnor,
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Pennsylvania). All reagents for gold nanorod synthesis were prepared
with nanopure water from a Purist Pro UV Ultrapure Water System
(RephiLe Bioscience, Ltd., Boston, Massachusetts) and prepared fresh
daily except for HAuCl, and NaOH. All glassware and Teflon-coated
stir bars were cleaned with aqua regia (3:1 v/v HCI:HNQO3) and rinsed
15 times with nanopure water before each synthesis.

2.2 | GNR synthesis

High aspect ratio CTAB-capped GNRs (CTAB-GNRs) were synthe-
sized using a seed mediated growth method!” (see illustration in
Figure 1A). The seed solution consisted of CTAB (5 ml, 0.1 M), HAuCl,4
(50 pl, 50 mM), and ice-cold (liquid, not solid) NaBH,4 (230 pl, 0.01 M)
added quickly and under vigorous stirring for 15-20 min. The growth
solution consisted of CTAB (100 ml, 0.1 M), HAuCl, (1 ml, 50 mM),
AgNO3 (700 pl, 0.1 M), hydroquinone (5 ml, 0.1 M), and seed solution
(160 pl), and was left for 12 h in a 30°C water bath. GNRs were cen-
trifuged (13,500xg, 20 min) and washed with PVP (112 mM) to pre-
vent aggregation. For additional details, see the Data S1. GNR
formation was confirmed via UV-Vis-NIR and transmission electron

microscopy (TEM), as described below.

FIGURE 1

Y sk WILEY-L_2

2.3 | Citrate-GNRs via indirect ligand exchange

The CTAB on CTAB-GNRs was replaced with trisodium citrate
through an indirect ligand exchange protocol®* (see illustration in
Figure 1B), with minor modifications: initial GNR concentration
(0.38 mg/ml), Ag:Au ratio (0.158:1). To coat CTAB-GNRs with silver,
of PVP (144 ml, 47 mM), CTAB-GNRs (30 ml,
0.38 mg/ml), AA (3 ml, 40 mM), and AgNOs3 (30 ml, 0.3 mM) was

stirred (10 min, room temperature). Acetone (414 ml) was added,

a solution

followed by centrifugation (13,500xg, 10 min). Acetone was
decanted, and the loose GNR pellets were sonicated (1 min) using a
Branson 3800 Ultrasonic Cleaner (Cleanosonic, Richmond, Virginia)
and re-dispersed in sodium citrate (6 ml, 10 mM). To etch away the
silver and CTAB, 3% H,0, (27 ml) was added to the sodium citrate
solution (3 h, room temperature). The solution was centrifuged
(13,500xg, 15 min) and re-dispersed in sodium citrate (3 ml,
10 mM) (12 h, room temperature). For additional details, see the
Data S1. Citrate-capping of GNRs (citrate-GNRs) was confirmed
with zeta potential measurements and gel electrophoresis, as
described in the GNR Characterization section. For in vitro and
in vivo studies, citrate-GNRs were diluted to 100 ml before being

sterile-filtered using a Steriflip PLUS membrane (MilliporeSigma,

An illustration depicting the synthesis of citrate-capped gold nanorods (GNRs). (A) GNRs were synthesized using a seed-mediated

growth method using hydroquinone as a reducing agent for longer aspect ratio, higher purity, and higher yields of GNRs than the ascorbic-acid
based synthesis. The seed solution was made by quick addition of ice-cold sodium borohydride (NaBH,) to a solution of gold chloride and
hexadecyltrimethylammonium bromide (CTAB). A small amount of seed solution was added to the growth solution, which contained gold
chloride, CTAB, silver nitrate (AgNO3), and hydroquinone. The solution was left for 12 h in a 30°C water bath for GNRs to grow. (B) The toxic
CTAB on CTAB-GNRs were replaced with nontoxic citrate through an indirect ligand exchange protocol. Silver nitrate was used to coat GNRs
and displace the CTAB, followed by the etching away of the silver with hydrogen peroxide (H,O,) in a sodium citrate solution. GNRs were left in

sodium citrate to generate citrate-GNRs
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Burlington, Massachusetts), centrifuged (13,500xg, 20 min), and re-

suspended in nanopure water (6 ml).

24 | GNR characterization

UV-Vis-NIR samples were prepared by diluting centrifuged GNRs
in nanopure water (~1:10 ratio GNRs to water) to bring samples
into the concentration range of the instrument. UV-Vis-NIR spectra
were collected in quartz cuvettes and scanned from 300 to
1300 nm on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer
(Agilent, Santa Clara, California) after collecting a baseline using
nanopure water.

Surface charge of GNRs (at pH 6.0-6.5) was determined with zeta
potential measurements with a Malvern ZetaSizer (Malvern Pan-
alytical, Malvern, UK) in a folded capillary zeta cell (DTS1070, Malvern
Panalytical). Samples for zeta potential of CTAB-GNRs were taken
directly after the second centrifugation from a 200 ml batch of GNRs
that was resuspended in 100 ml of nanopure water (no dilution). Sam-
ples of citrate-GNRs were taken after the final centrifugation of the
indirect ligand exchange (no dilution).

Surface charge of GNRs was further confirmed with gel electro-
phoresis using a VWR Gel Electrophoresis System (VWR). Agarose
(0.5 w/v% in x0.5 Tris-Borate-EDTA [TBE] buffer [Fisher, Waltham,
Massachusetts]) was dissolved in a microwave (2 min), cooled, and
poured into a gel tray with a comb in a casting apparatus (1 h). The
resulting gel was run in a gel box filled with TBE buffer (x0.5) at 50 V
for 1 h. Samples of CTAB-GNRs or citrate-GNRs (10 pl) were mixed
with 2 pl Ficoll 400 (0.15 g/ml in water) to keep the samples in the
wells, with 10 pl of sample loaded into each well.

TEM samples were prepared by drying 2 pl of GNRs onto copper
grids (Carbon Type-B 300 mesh Copper; Ted Pella Inc., Redding, Cali-
fornia) that were plasma-treated (Harrick Basic Plasma Cleaner, 45 s
at medium). TEM images were taken by a 200-kV field emission
JEOL2010F analytical TEM (JEOL-USA, Peabody, Massachusetts)
equipped with a Direct Electron DE-12 camera. Imagel) software
(National Institutes of Health, Bethesda, Maryland) was used to deter-
mine the length and width from ~250 GNRs from the collected TEM
images. The aspect ratio was calculated from these images by dividing
the rod length by the width.

Elemental analysis measurements for total gold content and
nanorod mass quantification were performed using a NexlON2000
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) (Perkin
Elmer, Waltham, Massachusetts) fitted with a High Efficiency Sample
Introduction System, as previously described.'®*? From a 200 ml
batch resuspended in 3 ml of nanopure water, batch ICP-MS samples
were prepared by dissolving 10 pl of GNRs into 1 ml of aqua regia
(3:1 v/v HCI:HNO3) for 5 min. The GNRs in aqua regia were further
diluted in nanopure water (final dilution ranging from 5 x 10* to
2.5 x 10%-fold diluted) to obtain a concentration in range of the
instrument and prepared standard curves. Single-particle ICP-MS (SP-
ICP-MS) samples were prepared using a 5 x 10%-fold dilution into

nanopure water. For additional details, see the Data S1.

2.5 | Pentenoate-functionalized hyaluronic acid
(PHA) and gelatin (PGel) synthesis

All materials were purchased from Sigma Aldrich unless otherwise
noted. PHA was synthesized from hyaluronic acid (HA, actual MW:
1.56 MDaj; Lifecore Biomedical, Chaska, Minnesota) as we previously
described.® PGel was synthesized using an adapted PHA synthesis
protocol and was made from gelatin from porcine skin (Type A,
~300 g Bloom). Briefly, HA (2 g) or gelatin (5 g) were reacted with
4-pentenoic anhydride (2.4 ml per g) in a solution of deionized
(DI) water (150 ml for HA or 100 ml for gelatin), 4-(dimethylamino)
pyridine (500 mg for HA or 250 mg for gelatin), and N,N-
dimethylformamide (200 ml for HA or 50 ml for gelatin). The pH was
maintained between 8 and 9 with sodium hydroxide (~1 h) and
reacted overnight at room temperature. Sodium chloride (10 g) was
added to the PHA reaction. Both reactions were precipitated in ace-
tone (4-8 times the reaction volume), centrifuged (6000xg, 3 min) to
collect the pellets, and dissolved in DI water. The pH was adjusted
to 7.4 before dialysis (48 h, MWCO: 6-8 kDa, VWR) and lyophiliza-
tion. PHA and PGel functionalization were determined using Nuclear
Magnetic Resonance (NMR) Spectroscopy using a Varian VNMRS-
500 MHz NMR Spectrometer equipped with a 5 mm indirect detec-
tion room temperature probe (Varian, Palo Alto, California), as
described previously.'® PHA and PGel had 0.59 or 2.06 mmol of pent-
enoate groups per grams of material, respectively. For additional syn-
thesis and NMR characterization details, see the Data S1.

2.6 | Hydrogel crosslinking

Four types of hydrogels were used in the current study for in vitro
studies: (1) PGel, (2) PHA, (3) PHA/PGel, and (4) PHA/PGel/GNRs
(varying concentrations, indicated in each methods section). Dry PHA
and PGel were sterilized using ethylene oxide gas (AN74i, Anderson
Anprolene, Haw River, North Carolina) for in vitro studies. PHA/PGel
hydrogels consisted of PHA (4 wt%, 40 mg/ml), PGel (5 wt%,
50 mg/ml), (12959, 0.05 w/v%),
crosslinker dithiothreitol (DTT, 2.72 mg/ml), GNRs (varying concentra-

photoinitiator Irgacure 2959
tions, indicated in each methods subsection below), and nanopure
water. For additional details, see the Data S1. Hydrogels for all charac-
terization and in vitro studies (see illustration in Figure 2) were formed
in a rubber mold (1 mm thickness) between two glass slides and were
UV-crosslinked with a handheld 312 nm light at 9 mW/cm? (EB-
160C, Spectroline, Westbury, New York) for 2 min on each side.
Hydrogels were swollen overnight at 37°C in nanopure water. A

6 mm biopsy punch was used to punch out cylindrical hydrogels.

2.7 | Hydrogel conductivity

For electrical conductivity testing, different concentrations of citrate-
GNRs (i.e., 0,04, 0.6, 0.8, 1.0, and 1.2 mg/ml) were incorporated into
PHA/PGel hydrogels (n = 5 or 6). Given the sodium counterion on the



KIYOTAKE ET AL.

PHA, PHA/PGel hydrogels with no gold were included as baseline
controls. Hydrogel resistance (in a hydrated state) was measured using
the two-probe method with a 34401A Agilent Multimeter (Agilent,
Santa Clara, California) as adapted from previous methods.?° For addi-
tional details regarding the testing setup, see the Data S1. Prior to
testing, the heights and diameters of the hydrogels were measured
with a micrometer. The conductivity was calculated as the inverse of
the resistivity, which was the cross-sectional area multiplied by the

resistance and divided by the length (i.e., height of the gel).

2.8 | Hydrogel stiffness and swelling
The compressive elastic moduli of PHA/PGel hydrogels with
(0.8 mg/ml) and without citrate-GNRs (n = 5 or 6) were assessed with
8 mm parallel plates on a Discovery Hybrid Rheometer-2
(TA Instruments, New Castle, Delaware) using a strain rate of 5 pm/s
(~0.25% strain/s) until 20% strain, at 25°C (under dry conditions), as
previously described.?! Prior to testing, a 0.1 N tare load was applied
to hydrogels to ensure the geometry was in contact with the hydrogel
and determine the hydrogel height. Hydrogel diameters were mea-
sured on a micrometer prior to testing. The compressive elastic modu-
lus was calculated in a custom MATLAB script as the slope of the
linear portion of the stress-strain curve (i.e., 5-15% strain).

For absorption and swelling measurements, PHA/PGel hydrogels
with (0.8 mg/ml) and without citrate-GNRs were tested (n = 6). After
hydrogels were formed, each hydrogel was weighed to obtain the fab-

ricated mass. The swollen mass was measured after swelling in

Y sk WILEY-L__®

nanopure water (24 h, 37°C), and the dry mass was measured after
freezing (—20°C) and lyophilization. The swelling ratio was the ratio of
the swollen mass to the dry mass. The absorption was the ratio of the

swollen mass to the fabricated mass.

2.9 | Precursorrheology

For rheological characterization, the viscosity (n = 3), yield stress
(n = 3), and storage modulus recovery (n = 3) were measured on a
DHR-2 rheometer equipped with parallel 20-mm crosshatched plates
(all tests run at 25°C with a 500 pm gap), as previously described.*®
Briefly, viscosity curves were evaluated using a logarithmic shear rate
sweep (0.17-100 s~ 1). The yield stress was determined from the cross-
over point of the storage (G') and loss (G") moduli from an oscillatory
shear stress sweep (1-1000 Pa). The storage modulus recovery was
evaluated with three phases of oscillatory shearing (1 Hz) after a 5-min
soak time: 5 min of 10 Pa (initial storage modulus), 30 s of 1000 Pa, and
5 min of 10 Pa (recovered storage modulus). The storage modulus
recovery was the recovered storage modulus divided by the initial stor-

age modulus and multiplied by 100%.

210 | Precursor printability assessments

The strut size and pore area of the PHA/PGel/GNR hydrogel precur-
sor was assessed (n = 3) by bioprinting with an Inkredible+ bioprinter

(Cellink, Gothenburg, Sweden) as we previously described.'® The

FIGURE 2 Anillustration depicting gold nanorod (GNR) hydrogel formation for in vitro studies. (1) Hydrogel precursor was mixed and
contained pentenoate-functionalized hyaluronic acid (PHA), pentenoate-functionalized gelatin (PGel), crosslinker dithiothreitol (DTT),
photoinitiator Irgacure 2959 (12959), and citrate-GNRs. (2) The hydrogel precursor was placed in a rubber gasket mold between two glass slides,
followed by UV crosslinking at 312 nm for 2 min on each side. (3) Hydrogels were removed from the molds and swollen in nanopure water
overnight at 37°C. (4) Cylindrical hydrogels were punched using a 6-mm biopsy punch. (5) Hydrogels were placed in a 96-well plate. (6) Rat neural
stem cells (rNSCs) were seeded on top of hydrogels and cultured for 7 days
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hydrogel precursor was printed into a 3-layer square grid,
(10 x 10 x 0.81 mm) using printing parameters listed in Table 1. Scaf-
folds were imaged on a Nikon D5500 camera (Tokyo, Japan) with a
Nikon AF-S Micro-NIKKOR 60 mm f/2.8G ED Lens. The strut sizes
and pore areas of the bioprinted constructs were analyzed with
Image) software. The average strut size from each printed sample was
determined from the widths of at least 18 different points along the
horizontal and vertical struts. The average pore area from each print
was determined using the Analyze Particle feature to measure and
average the area of the 25 interior pores.

The filament collapse test was performed on PHA/PGel and the
GNR hydrogel precursors (n = 3) based on previous studies by

122 and Ribeiro et al.Z®

Therriault et a and involved measuring the
deflection angle of a printed filament suspended between pillars of
varying gap distances (i.e., 1, 2, 4, 8, and 16 mm). A modified platform
(43.6 x 4.2 x 6 mm, L x W x H) with the varied gap distances (origi-
nal CAD file?®) was printed on a Photon resin printer (Anycubic,
Shenzen, China) using white 3D printing UV sensitive resin
(Anycubic). A BioAssemblyBot (Advanced Solutions, Louisville, Ken-
tucky) was used to print a 54 mm line across the top of the pillars
(extended 10 mm past the end of the last pillar), while recording with
a Nikon D5500 camera. The printing parameters are listed in Table 1.
The videos were analyzed 20 s after the print completed (when the fil-
ament stopped moving), and the deflection angle was quantified using
Image) software. The angle was plotted against the gap distance.

A modified filament fusion test was performed on the PHA/PGel
and GNR hydrogel precursors (n = 3) based on previous studies by

Ribeiro et al.2®

A modified print consisted of a 1-layer, back-and-forth
pattern in the x-y plane (48.8 x 12 mm) with increasing distance
between each filament (i.e., gap distances starting at 0.5 mm and
increasing by 0.01 until 1.1 mm). Hydrogel precursors were printed on
a BioAssemblyBot and with the same printing parameters as the fila-
ment collapse test. Images were acquired on a Nikon D550 camera
and used to determine the gap distance where individual filaments
could be distinguished.

To demonstrate structural integrity of taller prints, the PHA/PGel
and GNR hydrogel precursors (n = 3) were printed into 8-layer, square
grids (9.68 x 9.68 x 2.4 mm) on the BioAssemblyBot using the print-
ing parameters listed in Table 1. Images were acquired using a Nikon
D5500 camera.

211 | Cytotoxicity in vitro studies

For in vitro studies, PHA/PGel hydrogels with different concentra-
tions of sterile citrate-GNRs (i.e., 0, 0.4, 0.6, and 0.8 mg/ml) were
formed and seeded with cells (n = 4 or 5) or were used as acellu-
lar material controls (n = 3). All cell culture supplies were pur-
chased from Thermo Fisher Scientific (Waltham, Massachusetts)
unless otherwise stated. Purchased rat neural stem cells (rNSCs,
originally isolated from the cortex of male and female Sprague
Dawley rats at day 14 of gestation, Thermo Fisher Scientific) were
cultured in coated tissue culture flasks (1% CTS CELLstart Sub-
strate in Dulbecco's PBS with calcium and magnesium, 1 h at
37°C). The medium was changed every 2-3 days with KnockOut
DMEM/F-12 Basal Medium supplemented with StemPro Neural
Stem Cell Serum Free Medium (NSC SFM) Supplement (2%),

recombinant human basic fibroblast growth factor (bFGF;
20 ng/ml), recombinant human epidermal growth factor (EGF;
20 ng/ml), GlutaMAX-l supplement (2mM), and penicillin-

streptomycin (Pen/Strep; 1%). StemPro Accutase Cell Dissociation
Reagent was used to dissociate cells for passaging (at 80% con-
fluency). For the in vitro study, cells were seeded at 50,000 cel-
Is/cm? (passage 2, 16,000 cells/gel) and cultured for 7 days with
medium changes every other day.

The media from the cell-seeded hydrogels with 0.8 mg/ml
GNRs and no GNRs were collected (on days 1, 3, 5, and 7) for
ICP-MS quantification of released gold (n = 3). Media samples
(50 pl) were digested in aqua regia (10-fold dilution, 1 h, 60°C
water bath) before 50 ul was 100-fold diluted in nanopure water
and analyzed by batch ICP-MS according to the GNR Characteri-
zation methods section. The background from a media-alone sam-
ple was subtracted from all the other samples. The theoretical
maximum gold content per GNR hydrogel was estimated to be
22.6 pg based on the GNR concentration and volume of the
hydrogel. The percentage of total gold was estimated by dividing
the gold content in the media samples by the theoretical maxi-
mum gold content in one hydrogel.

To evaluate cell adhesion and viability on day 1 and day 7, the ala-
marBlue Cell Viability Reagent (Thermo Fisher Scientific) was used to
measure the metabolic activity of rNSCs, according to manufacturer's

instructions. The fluorescence (ex: 540 nm, em: 590 nm) was

TABLE 1 Printing parameters used for each material on the Inkredible+ and the BioAssemblyBot bioprinters
PHA/PGel PHA/PGel/GNRs PHA/PGel PHA/PGel/GNRs
(Inkredible+) (Inkredible+) (BioAssemblyBot) (BioAssemblyBot)
Assessments Strut size/pore area (3-layer grids, 10 x 10 x 0.81 mm) Collapse test/fusion test/8-layer grids
(9.68 x 9.68 x 2.4 mm)/4-layer grids for in vitro study
(7.5 x 7.5 x 0.8 mm)
Tip size/style 27 G tapered nozzle 27 G tapered nozzle 22 G tapered nozzle 22 G tapered nozzle
Print speed (mm/s) 10 10 8 8
Start delay (ms) 300 300 150-175 200-225
Pressure (kPa or psi)  60-80 kPa (8.7-11.6 psi)  100-105 kPa (14.5-15.5 psi)  10-11 psi 12-15 psi
Line height (mm) 0.4 0.4 0.3 0.3
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measured on a BioTek Cytation 5 plate reader (BioTek, Winooski, Ver-
mont). The fluorescence was normalized to the average fluorescence
of the O mg/ml GNR hydrogel group for each day. The hydrogels were
then digested overnight at 60°C in 150 pl of papain solution
(125 pg/ml papain from papaya latex, 5 mM N-acetyl cysteine, and
5 mM ethylenedinitrilotetraacetic acid disodium salt dihydrate [EDTA]
in PBS), and stored at —20°C as previously described.?* Before test-
ing, samples were thawed, vortexed, and centrifuged (9391xg, 5 min)
to pellet any polymer. The DNA content in the supernatant was quan-
tified with the Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher
Scientific), according to manufacturer's instructions. Fluorescence was
measured on a BioTek Cytation 5 plate reader (ex: 485 nm, em:
528 nm). The metabolic activity of each sample was normalized to the
DNA content by dividing the alamarBlue fluorescence by the total
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DNA content (ng), with further normalization to the O mg/ml GNR
hydrogel group.

2.12 | Bioprinted in vitro study

PHA/PGel and GNR hydrogels (0.8 mg/ml GNRs) were bioprinted into
a 4-layer grid (7.5 x7.5x0.8mm) using a BioAssemblyBot
(Advanced Solutions) and using the same printing parameters as the
printability assessments (Table 1). Hydrogels were crosslinked with
312 nm UV light for 4 min, and then seeded with rNSCs (Passage
3, 20,000 cells/scaffold), and cultured for 7 days with media
exchanges every other day. Live/Dead staining (n = 3) was performed
on day 7 with the LIVE/DEAD Viability/Cytotoxicity Kit for

FIGURE 3 The gold nanorods (GNRs) were characterized to confirm that rods were synthesized and that the hexadecyltrimethylammonium
bromide (CTAB) was replaced with citrate on the GNRs during the indirect ligand exchange. (A) The UV-Vis-NIR spectra of the CTAB-GNRs
(solid black line), citrate-GNRs (solid lighter blue line), and seed solution (dashed grey line) are shown. The seed solution absorbance was typical of
1-2 nm seeds, and the CTAB- and citrate-GNRs both had typical longitudinal (LSPR) and transverse surface plasmon resonance (TSPR) peaks at
1125 and 507 nm, respectively. (B) The transmission electron microscopy (TEM) images confirmed that GNRs were formed from the synthesis
(CTAB-GNRs, upper left panel) with minimal sphere contamination and that the GNRs were retained after the indirect ligand exchange process
(citrate-GNRs, upper right panel). Higher magnification of the citrate-GNRs (bottom panels) show a regular rod shape (e.g., no dog-bone shape, or
flat caps on the ends) and the atomic lattice structure of gold. (C) The zeta potential (left half) of the CTAB-GNRs was positively charged from the
CTAB and the ligand exchange with citrate was confirmed by the change to a negative zeta potential. Additionally, the ligand exchange was
confirmed via gel electrophoresis (right half) where the citrate-GNRs migrated toward the cathode and the CTAB-GNRs aggregated and stayed

within the well
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Mammalian Cells for 30 min (2 uM calcein AM, 3 mM ethidium
homodimer-1 (Thermo Fisher Scientific). The rNSCs on hydrogels
were imaged on a Leica SP8 confocal laser scanning microscope using
a x20, 0.75 NA oil objective (Leica Microsystems, Buffalo Grove, llli-
nois). An argon laser line was used to excite the calcein AM and
ethidium homodimer-1, and the live signals were detected with an
emission detection window set at 500-550 nm. Meanwhile, the dead
signals were detected with an emission window set at 620-740 nm.
For immunostaining (n = 3), rNSCs on hydrogels were fixed for
20 min in 10% neutral buffered formalin, rinsed with PBS, and perme-
abilized in 0.3% TritonX-100 (1 h, room temperature). Hydrogels were
blocked in 5% goat serum and 1% bovine serum albumin in PBS-
TWEEN (PBST, 0.05% TWEEN 20) overnight at 4°C. Then, hydrogels
were incubated with primary antibodies in the blocking solution over-
night at 4°C. Primary antibodies to detect neural stem cells and neu-
rons were mouse anti-Nestin (2 pg/ml, Fisher 14-5843-82) and rabbit
anti-MAP2 (2 pg/ml, Abcam ab32454), respectively. Hydrogels were
rinsed 3 times in PBST for 5 min each and incubated with secondary
antibodies for 2 h at room temperature. The secondary antibodies
were goat anti-mouse 1gG H&L Alexa Fluor 647 preadsorbed (5 pg/ml,
Abcam ab150119) and goat anti-rabbit I1gG H&L Alexa Fluor
488 (10 pg/ml, Abcam ab150077). Hydrogels were rinsed 3 times in
PBST (5 min each), before nuclei were stained with DAPI (500 nM) for
1 h at room temperature, and rinsed three times in PBS. The rNSCs

on hydrogels were imaged on a Leica SP8 confocal laser scanning
microscope with a x20 oil objective. DAPI signals were excited by a
405 nm Diode laser and detected between 415 and 470 nm. Second-
ary antibodies Alexa Fluor 488 and Alexa Fluor 647 were excited by
an argon laser and a HeNe 633 nm laser, respectively, and were
detected at 500-550 nm and 650-750 nm, respectively.

For Live/Dead and immunofluorescent staining of each hydrogel,
the entire scaffold was first scanned with Tile Scanning. Then, sample
regions, normally 12 to 15 tiles, were selected to run the sequential
scanning to acquire z-series of images. Tiles were merged with the
smooth blended algorithm in the Leica LAS X software. ImageJ soft-
ware was used to merge the channels.

213 | Statistical methods

All statistical analyses were performed in GraphPad Prism
(GraphPad Software Inc., La Jolla, California). An unpaired t-test was
used to compare the CTAB- and citrate-GNR's aspect ratio, length,
and width, the yield stress assessment, storage modulus recovery,
strut size, pore area, and filament fusion test. A one-way analysis of
variance (ANOVA) was used to analyze results from hydrogel con-
ductivity, mechanical, swelling, and absorption testing, metabolic
activity, and metabolic activity normalized to DNA content, followed

FIGURE 4 The citrate-GNRs (shown in blue) had high aspect ratios of ~7-8 and lengths of ~70 nm, which were greater than those of the
CTAB-GNRs (shown in black). (A) The histogram of the aspect ratio showed similar distributions between the citrate- and CTAB-GNRs, but the
average aspect ratio (shown in the inset) of citrate-GNRs was ~6% higher than the CTAB-GNRs. (B) The histogram of the lengths showed similar
distributions between the citrate- and CTAB-GNRs, but the average length (shown in the inset) of citrate-GNRs was ~8% longer than the CTAB-
GNRs. (C) The histogram and the average widths (shown in the inset) showed similar distributions and widths between the citrate- and CTAB-
GNRs. (D) Single-particle ICP-MS showed similar and overlapping mass distributions between citrate- and CTAB-GNRs. ****p < .0001
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by Tukey's post hoc test. A two-way ANOVA was used to analyze
the viscosity curves, filament collapse test, and DNA content. Dif-
ferences with p <.05 were considered significant. Results were

reported as the mean + SD.

3 | RESULTS

3.1 | CTAB- and citrate-GNRs characterization

UV-Vis-NIR spectra in Figure 3A of the seed solution and CTAB-
GNRs confirmed the formation of gold nanorods with longitudinal
(LSPR) and transverse surface plasmon resonance (TSPR) peaks at
1125 and 507 nm, respectively. The TEM images of CTAB-GNRs in
Figure 3B further confirmed the formation of nanorods with mini-
mal contamination by spheres. After replacing the CTAB with cit-
rate on GNRs, the UV-Vis-NIR spectrum of citrate-GNRs

FIGURE 5
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(Figure 3A) confirmed that there were nanorods with the same
LSPR and TSPR peaks as the CTAB-GNRs. Figure 3B shows a rep-
resentative TEM image of the citrate-GNRs, which confirmed that
GNRs had not changed shape. The replacement of CTAB with cit-
rate was verified by a change in surface charge from 37 +7 mV
with CTAB-GNRs to —25+8 mV with citrate-GNRs (Figure 3C),
given that CTAB is positively charged and citrate is negatively
charged. Gel electrophoresis showed that the citrate-GNRs
migrated toward the cathode (Figure 3C) and further verified the
negatively charged citrate-GNRs, as compared to the CTAB-GNRs,
which stayed in the well.

The aspect ratio, length, and width of the CTAB- and citrate
GNRs were determined from ImageJ analyses (Figure 4A-C, respec-
tively), and the mass distributions were determined from SP-ICP-MS
(Figure 4D). Citrate-GNRs had ~6% higher aspect ratios (7.7 + 1.2
vs. 7.1 £ 1.6, p <.0001) and were ~ 8% longer (70 £ 10 nm vs. 65
+ 13 nm, p <.0001) than CTAB-GNRs, but did not have significantly

The conductivity of pentenoate-functionalized hyaluronic acid (PHA)/pentenoate-functionalized gelatin (PGel) hydrogels were

increased with the addition of 0.6 or 0.8 mg/ml of citrate-coated gold nanorods (citrate-GNRs). (A) The conductivity of the GNR hydrogels
(hydrated) was measured with citrate-GNR concentrations ranging from 0 to 1.2 mg/ml (n = 5 or 6), with the most conductive formulations

containing 0.6 and 0.8 mg/ml GNRs. Coloration of the gels after swelling is shown below the respective concentration on the x-axis. Scale bar:

6 mm. (B) The compressive elastic modulus of the GNR hydrogels were not significantly different that of the PHA/PGel hydrogels (n = 5 or 6),
but both were greater than the PHA and PGel hydrogels alone. (C) The GNR hydrogels absorbed more water after fabrication than the PHA/PGel,
PHA, and PGel hydrogels (n = 6). The PHA and PHA/PGel had similar absorption to each other and both absorbed more than PGel, which actually
lost water after fabrication. (D) The swelling ratio of the GNR hydrogels was greater than that of PHA/PGel, PHA, and PGel hydrogels (n = 6). The
PHA had a greater swelling ratio than that of the PHA/PGel and gelatin hydrogels. The PHA/PGel had a greater swelling ratio than that of the
PGel hydrogels. * p < .05, *** p < .001, **** p < .0001
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different widths (9.2 £ 0.7 vs. 9.3 £ 0.8 nm). Single-particle ICP-MS
showed that CTAB- and citrate-GNRs had similar mass distributions
with overlapping mass histograms.

Batch ICP-MS was used to measure the total gold content of
the CTAB-GNRs and citrate-GNRs. The synthesis had an ~80%

FIGURE 6 Legend on next page.

yield, and after replacing the CTAB with citrate and sterile-filtering,
there was a ~ 29% vyield for that step. The yield was further con-
firmed by the three-fold decrease in absorbance of the UV-Vis-NIR
spectrum for citrate-GNRs CTAB-GNRs
(ALspr = 1.00 vs. 0.33).

compared to the
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3.2 | Hydrogel conductivity 0.8, 1.0, and 1.2 mg/ml), where the conductivity increased along

with increasing GNR content up to 0.8 mg/ml GNRs (Figure 5A).
The conductivity of the PHA/PGel/GNR hydrogels (or GNR hydro- The 0.8 mg/ml GNR hydrogel group (1.15 x 107°+0.19 x 10~°
gels) were determined with varied amounts of GNRs (i.e., 0, 0.4, 0.6, S/cm) had 71% and 58% higher conductivity than that of the O and

FIGURE 7 In vitro assessment of seeded rat neural stem cells (rNSCs) on gold nanorod (GNR) hydrogels showed the hydrogels were not
cytotoxic for rNSCs and < 1% of the total gold was released in the media samples during the 7 days of culture. (A) The total metabolic activity of
seeded rNSCs on day 1 was not significantly across that of different pentenoate-functionalized hyaluronic acid (PHA)/pentenoate-functionalized
gelatin (PGel) hydrogels, but was decreased after 7 days (n = 4 or 5). (B) The total DNA content was not significantly across between any groups
on day 1 but was higher in the hydrogels with no GNRs on day 7 compared to the hydrogels with 0.4 to 0.8 mg/ml of GNRs (n = 4 or 5). (C) The
normalized metabolic activity per nanogram of DNA and to the hydrogel with no GNRs was not significantly across any of the groups on day 1;
however, on Day 7, the hydrogels with 0.8 mg/ml of GNRs had 1.7 times greater metabolic activity than that of the hydrogels with O or

0.4 mg/ml GNRs. (D) The media samples from the hydrogels with 0.8 mg/ml of GNRs and cells had 0.026 + 0.043 pg of gold (or ~ 0.12% of the
total gold in a hydrogel) in the day 5 media samples, and 0.11 + 0.16 pg (~0.49% of the total gold) in the day 7 samples (n = 3) (left y-axis).
Compared to the maximum gold content per GNR hydrogel, there was less than 1% of the gold released over 7 days of culture (right axis). The
medium samples from the hydrogels with no gold did not have an amount of gold that was above the background. *p < .05, **p < .01, ***p < .001

FIGURE 6 Rheological characterization of gold nanorod (GNR) hydrogel precursors showed similar shear thinning, higher yield stress, similar storage
modulus recovery, and better printability than pentenoate-functionalized hyaluronic acid (PHA)/pentenoate-functionalized gelatin (PGel) alone. (A) The
viscosity curves of PHA/PGel/GNR (GNR hydrogel) precursors were not significantly different over different shear rates, and both were shear thinning
(n = 3). (B) The yield stress of GNR hydrogel precursors was 2.4 times higher than that of the PHA/PGel precursors (n = 3). (C) The storage modulus
recovery (5 s postshearing) was not significantly different from that of the PHA/PGel precursors (n = 3). (D) A 3-layer, square grid (10 x 10 x 0.81 mm)
was bioprinted for assessing pore area and strut size. (E) The bioprinted PHA/PGel precursors had 34% greater printed strut sizes compared to GNR
precursors (p < .01). (F) The GNR precursors had 2.3 times larger pore areas (p < .01), and overall better printability. (G) For the filament collapse test, a
single strut was printed across pillars with gaps of various distances (i.e., 1, 2, 4, 8, and 16 mm). (H) The angle of deflection () was measured 20 s after
each print was completed, and the bioprinted PHA/PGel precursor had a 17% greater angle than that of the bioprinted GNR precursor (n = 3, p < .05).
(I) The filament fusion test was a series of printed struts in the x-y plane with increasing distance between the struts in the x direction (i.e., from 0.5 to
1.1 mm gap distances). For each print, the smallest gap distance where individual struts were unfused and could be distinguished was designated the gap
distance where fusion occurs (indicated by a dotted white line). The PHA/PGel precursor fused at a gap distance that was 13% greater than that of the
GNR precursor (n = 3, p < .001), indicating better printability of the GNR precursor. (J) To show structural stability, 8-layer, square grid scaffolds

(9.68 x 9.68 x 2.4 mm) were bioprinted for PHA/PGel and the GNR precursor (top view (left), side view (middle), isometric view (right)). The GNR
precursor held the scaffold shape better than the PHA/PGel scaffold. All scale bars: 5 mm. ****p < .0001
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0.4 mg/ml groups (p <.01), respectively. The conductivity of the
0.6 mg/ml GNR hydrogel group (1.07 x 107° + 0.09 x 107> S/cm)
was 57% and 44% higher than that of the O and 0.4 mg/ml groups
(p < .05), respectively. The conductivity of the 1.0 and 1.2 mg/ml
GNR hydrogels were not significantly different from any other
group, therefore, the O to 0.8 mg/ml concentrations proceeded for-

ward to be tested in vitro.

3.3 | Hydrogel stiffness and swelling

The compressive elastic moduli, absorption, and swelling ratio of the
most conductive GNR hydrogel (i.e., 0.8 mg/ml GNRs) were compared
to PHA/PGel, PHA, and PGel hydrogels (Figure 5B-D, respectively).
As shown in Figure 5B, the compressive elastic moduli of the GNR
hydrogels were not significantly different from the moduli of
PHA/PGel hydrogels (83 + 30 kPa and 78 + 10 kPa, respectively).
Compared to PHA or PGel hydrogels alone, the GNR hydrogels were
2.9 times stiffer than PHA hydrogels (29 + 2 kPa, p <.0001) and
21 times stiffer than PGel hydrogels (4 + 2 kPa, p < .0001). Similarly,
PHA/PGel hydrogels were 2.7 and 20 times stiffer than PHA hydro-
gels (p < 0.001) and PGel hydrogels (p < .0001), respectively.

As shown in Figure 5C, the water absorption of the GNR hydro-
gels was 2.7, 3.2, and 5.6 times greater (p <.0001) than PHA,
PHA/PGel, and PGel hydrogels, respectively. PHA and PHA/PGel
hydrogel absorptions were 2.1 and 1.8 times greater (p < .0001) than
those of PGel hydrogels, respectively. Similar trends were observed
for swelling in Figure 5D, where the swelling ratios of GNR hydrogels
were 1.7, 3.1, and 3.4 times greater (p <.0001) than for PHA, PGel,
and PHA/PGel, respectively. PHA hydrogels had a swelling ratio that
was 1.8 and 2.0 times greater (p <.0001) than those of PGel and
PHA/PGel, respectively. PGel hydrogels had a swelling ratio 10%
greater than those of PHA/PGel (p <.05). Overall, the addition of
GNRs to PHA/PGel increased the absorption of water from fabrica-
tion to the swollen state, and increased the swelling ratios of the

swollen state to the dry state.

3.4 | Hydrogel precursor rheology

The viscosity, yield stress, and storage modulus recovery (Figure 6) of
the GNR hydrogel precursor (labeled as PHA/PGel/GNRs in Figure 6)
are shown compared to the PHA/PGel precursor (with no GNRs). The

viscosities (Figure 6A) of GNR hydrogel precursors versus

FIGURE 8 The rat neural stem cells (rNSCs) were seeded on top of bioprinted PHA/PGel and GNR hydrogels, and after 7 days, were
distributed homogenously on the PHA/PGel scaffolds, but were located between the printed struts on the GNR hydrogels. (A) The top and front
views of the 4-layer grid print file are shown (7.5 x 7.5 x 0.8 mm). (B) PHA/PGel (left) and GNR hydrogels (right) were bioprinted into 4-layer
grids, crosslinked, and seeded with rNSCs hydrogels for Live/Dead staining and immunofluorescent staining. The vertical struts are visible and
distinguishable from each other, but fused into 1 layer. (C) On Day 7, confocal tile scanning generated overviews of the entire hydrogels to
visualize the relative positioning of the cells (nestin staining, false-colored to cyan for visualization) and the bioprinted hydrogel struts
(autofluorescent PGel, false-colored to red for visualization). The rNSCs formed spheroids on top of the hydrogel that were adhered
homogenously across surface of the bioprinted PHA/PGel scaffolds; however, the rNSCs formed larger spheroids on the surface of the GNR
hydrogel scaffolds, and were distributed between the bioprinted struts. All scale bars: 5 mm
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FIGURE 9 Live/Dead staining of rat neural stem cells (rNSCs)
seeded on PHA/PGel (left) and GNR hydrogels (right) for 7 days
showed the rNSCs formed spheroids on both hydrogels. Higher
magnification images of each hydrogel (bottom) show live spheroids
(green) on both hydrogels and few dead cells (red) within the
spheroids and some as single dead cells on the hydrogels. The PGel
was autofluorescent in the dead channel and was visible as the
dimmer red areas (as opposed to stained dead nuclei, which were
smaller bright red spots). Scale bar: 500 pm. Inset scale bar: 200 pm

the PHA/PGel precursors were not significantly different over the
tested shear rates. However, the yield stress (Figure 6B) of the GNR
hydrogels precursors (511 + 20 Pa) was 2.4 times higher than the
PHA/PGel hydrogel precursors. The storage modulus recovery
(Figure 6C) of GNR hydrogel precursors (86 + 8 Pa) was not signifi-
cantly different than the PHA/PGel hydrogel precursors.

3.5 | Hydrogel precursor printability assessments

The GNR hydrogels precursors that were bioprinted into the 3-layer
grids (Figure 6D) had higher printed shape fidelity than the PHA/PGel
without GNRs. The strut size (Figure 6E) was 34% greater in the
PHA/PGel (p < .01), which resulted in the GNR hydrogel precursors
having 2.3 times larger pore areas (Figure 6F) (p < .01). For the fila-
ment collapse test (Figure 6G, H), the PHA/PGel precursor had an
overall mean deflection angle (0) that was 17% greater than that of

the GNR precursor (p < .05). For the filament fusion test (Figure 6l),
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the PHA/PGel precursor fused a gap distance that was 13% greater
than that of the GNR precursor (p < .001). To demonstrate the struc-
tural integrity of taller printed scaffolds, 8-layer grids were bioprinted
for PHA/PGel and the GNR precursor, and the GNR hydrogel scaffold
showed better building potential and shape fidelity than the
PHA/PGel precursor.

3.6 | Invitro toxicity of GNR hydrogels with
citrate-GNRs to rat neural stem cells

The adhesion and proliferation of rNSCs cultured on GNR hydrogels
were analyzed by the total metabolic activity (Figure 7A), DNA content
(Figure 7B), and the normalized metabolic activity per ng of DNA
(Figure 7C). The total metabolic activity and DNA content of rNSCs on
day 1 were not significantly different between the hydrogel groups. On
day 7, in general the metabolic activity and DNA content of the hydro-
gels with no GNRs was higher than the hydrogels with GNRs, but the
hydrogels with GNRs had higher metabolic activity when normalized to
DNA content. Specifically, the metabolic activity of rNSCs on hydrogels
with no GNRs was ~92%, ~89%, and ~ 67% greater than the 0.4
(p <.01), 0.6 (p <.01), and 0.8 (p < .05) mg/ml GNR hydrogel groups,
respectively. Similarly, the total DNA content on day 7 of hydrogels
with no GNRs was ~2, ~2.9, and ~ 2.9 > 0.4 (p < .001), 0.6 (p < .0001),
and 0.8 (p <.0001) mg/ml GNR hydrogels. Additionally, the hydrogels
without GNRs on day 7 had 2.3 times greater DNA content than on
day 1 (p <.0001). On day 1, the metabolic activity normalized to the
DNA content did not show any significant differences between groups;
however, on day 7, the 0.8 mg/ml GNR hydrogel had 68% and 45%
greater metabolic activity per ng of DNA than 0 and 0.4 mg/ml hydro-
gel groups, respectively (p < .01). While the 0.6 mg/ml GNR hydrogel
group had a higher metabolic activity per ng of DNA than O and
0.4 mg/ml groups, the increase was not statistically significant.

The medium changes from the GNR hydrogels (0.8 mg/ml of
GNRs) with cells were analyzed for released gold by batch ICP-MS
(Figure 7D). The amount of gold in the O mg/ml GNR hydrogels with
cells were not higher than the background (data not shown). The
amount of gold released on the first and third day were not higher
than the background, but there was 0.026 + 0.043 pg in the day
5 media samples, and 0.11 * 0.16 pg in the day 7 samples. One of the
three samples did not have an amount of gold higher than the back-
ground and caused the large standard deviations. Compared to the
theoretical maximum gold content per GNR hydrogel, the day 3 and
day 5 media samples had released ~0.12% and ~ 0.49% of the total
gold in the hydrogel, respectively.

3.7 | Invitro evaluation of rNSCs on bioprinted
GNR scaffolds

PHA/PGel and GNR hydrogels were bioprinted into 4-layer grids
with each filament fusing but distinguishable (Figure 8A,B). The con-

focal tile scanning of immunofluorescent stains generated an
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FIGURE 10

Immunofluorescent staining of rat neural stem cells (rNSCs) seeded on PHA/PGel and GNR scaffolds for 7 days showed positive

staining for a neural stem cell marker (nestin, red) and a neural marker (MAP2, green) in both hydrogels. Spheroids on the PHA/PGel hydrogels
were adhering and spreading on the hydrogel. Spheroids on the GNR hydrogels were adhering mostly to other spheroids with less spreading on
the hydrogel in general. On both hydrogels, nestin staining was brighter on the exterior of the spheroids, while MAP2 staining was brighter on the
interior of the spheroids. The PGel was autofluorescent in the DAPI channel and was visible as the dimmer blue areas (as opposed to the brighter

stained nuclei). All scale bars: 500 pm

overview of the entire hydrogel (Figure 8C) for visualizing the rela-
tive positions of hydrogel (autofluorescent PGel in the DAPI chan-
nel, false-colored red), and the rNSC spheroids (nestin staining,
false-colored cyan) after 7 days. The rNCSs formed spheroids on
top of both hydrogels and were adhered homogenously across the
PHA/PGel hydrogels; however, on the GNR hydrogels, the spher-
oids were located between the printed struts and formed larger
spheroids that tended to clump together.

Live/Dead staining after 7 days showed viable rNSC spheroids on
top of both hydrogels with live cells and few dead cells (Figure 9).
Higher magnification showed the distribution of several live (green)
and few dead (red) cells within the spheroids and a few singled out
dead cells on each hydrogel. The PGel was autofluorescent (in the
dead channel) and were the dimmer red spots.

Immunofluorescent staining after 7 days (Figure 10) showed that
rNSCs on both PHA/PGel and GNR hydrogels stained positive for the
neural stem cell marker (nestin, red) and a neuron marker (MAP2,
green). However, there were not qualitative differences in the inten-
sity or distribution of nestin and MAP2 between rNSCs on PHA/PGel
and GNR hydrogels. The most noticeable difference was that rNSC
spheroids on the PHA/PGel hydrogels had adhered and spread more

on the hydrogel, specifically on the PGel patches, which were visible
from PGel autofluorescence in the DAPI channel, dimmer/larger blue
areas compared to brighter/smaller nuclei staining. On the other hand,
spheroids on the GNR hydrogels maintained a more spherical mor-
phology and had adhered to other spheroids with less spreading on
the hydrogel in general. On both hydrogels, nestin staining was
brighter on the exterior of the spheroids, while MAP2 staining
was brighter on the interior of the spheroids (see Figure 10 higher

magnification insets).

4 | DISCUSSION

We developed and fully characterized a new conductive GNR hydro-
gel with an injectable and paste-like precursor capable of rapidly
crosslinking, to enable easier surgical application in a rat SCI model.
The developed PHA/PGel/GNR bioink provides a translational bioma-
terial platform for future application to SCI that was (1) conductive
once crosslinked, (2) noncytotoxic, and (3) possessed an injectable and
paste-like precursor for easier surgical translation. The GNR hydrogel

provides a translational conductive biomaterial platform and starting
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point for further refinement and eventual combination with ES to pro-
mote axon regeneration, neural plasticity/reorganization, and func-
tional recovery.

There are several limitations of GNRs that may hinder the devel-
opment of conductive biomaterials for biomedical applications that
were overcome: challenges in the synthesis, low aspect ratios, low
synthesis yields, cytotoxicity of the CTAB surfactant, and high con-
centrations needed for conductivity. Using the most popular seed-
mediated synthesis of GNRs, others have produced low aspect ratio
GNRs (3-4) with low yields (~15% of Au®* ions were reduced to Au
in nanorods) and often significant contamination of spherical or other
shapes of particles.?>2?% Use of a bisurfactant growth solution enabled
higher aspect ratio GNRs to be formed; however, the yields were still
low.2> We employed a robust and repeatable GNR synthesis by
Vigderman and Zubarev?” that used hydroquinone instead of the typi-
cally used ascorbic acid. Compared to the conventional ascorbic acid
synthesis, the hydroquinone synthesis required more time (12 h vs.
3 h) but had higher yields (~80% in the current study, vs. the ~15%
from the conventional ascorbic acid synthesis), higher aspect ratios
(7 to 8 in the current study vs. 3 to 4 from the conventional ascorbic
acid synthesis)) and minimal contamination of other shapes
(e.g., spheres, dog-bone shapes). While one study synthesized a gold

nanowire hydrogel,?’

other gold nanorod hydrogels have utilized
smaller aspect ratio CTAB-GNRs and similar, but slightly higher con-
centrations of the GNRs (e.g., 1.0 and 1.5 mg/ml*? vs. our 0.6 and
0.8 mg/ml of GNRs). The high aspect ratio GNRs had not been com-
bined with a biomaterial, therefore, we combined the high aspect ratio
GNRs in a hydrogel to create a conductive hydrogel.

In the current study, the 0.6 and 0.8 mg/ml citrate-GNR concen-
trations were conductive (up to 1.15 x 107° +0.19 x 10> S/cm).
Most GNR biomaterials, which have primarily been used in cardiac tis-
sue engineering,'2 have been characterized by different methods
(e.g., impedance) or not characterized at all. However, the conductivi-
ties of a few gold nanoparticle biomaterials have been measured
(1 x 107* to 1.5 x 10 S/cm?®3°), and were higher than the GNR
hydrogels developed in the current study. We speculate that the con-
ductivity of the GNR hydrogels developed in the current study were
lower because of the increased hydrogel swelling. Possibly, the
postcrosslinking swelling may have caused the network of GNRs to
expand and decrease GNR contact, and therefore decrease conduc-
tivity. Specifically, we speculate that the plateau of the conductivi-
ties at the higher 1.0 and 1.2 mg/ml concentrations may have
been caused by inhibited crosslinking/increased swelling at higher
GNR concentrations. The conductivity of the GNR hydrogels may
be further improved in the future, such as through the addition of
higher aspect ratio conductive components (e.g., gold nanowires), or
other conductive components (e.g., graphene nanoribbons, poly[3,4-
ethylenedioxythiophene] polystyrene sulfonate [PEDOT:PSS]).

While CTAB-GNRs have been used in hydrogels, to the best of
our knowledge, nontoxic citrate-GNRs had not yet been combined
with a hydrogel. Even with a robust, high-yield synthesis of high
aspect ratio GNRs, one major limitation of GNRs in our studies was

the cytotoxicity of the CTAB surfactant, which is required for shape
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control and rod formation.® While Navaei et al.'? found that CTAB-
GNRs in methacrylated gelatin hydrogels were not cytotoxic for
cardiomyocytes, our preliminary studies with PHA/PGel/CTAB-GNRs
at various concentrations were highly cytotoxic within 1 day for
seeded rNSCs (data not shown), presumably from the CTAB. Given
the low efficacy of direct ligand exchange protocols for replacing

I'* was adapted

CTAB on GNRs, an indirect ligand exchange protoco
by adjusting the silver to gold molar ratio and initial GNR concentra-
tion for successful exchange of CTAB for citrate. All of the PHA/PGel
hydrogels with citrate-GNRs supported rNSC adhesion and viability,
however, the rNSCs on the GNR hydrogels had lower DNA content
than those on the PHA/PGel hydrogels. We speculate the lower DNA
content was from partially inhibited adhesion of rNSCs to the GNR
hydrogels. The rNSC spheroids on the bioprinted GNR hydrogels
appeared to have a more spherical morphology than those on the
PHA/PGel hydrogels, which were more spread on the hydrogels, spe-
cifically on the PGel patches. It is possible that the negatively charged
citrate on the GNRs may repel the negatively charged cell membrane
of rNSCs and partially inhibit adhesion to the hydrogel. Additionally,
the rNSC spheroids on the bioprinted GNR hydrogels were comprised
of mainly live cells and few dead cells, indicating that the lower DNA
content on the GNR hydrogels were not from cytotoxicity. While
rNSCs are known to lack CD44 and do not adhere to HA, the PHA in
the hydrogel formulation is integral for extending the in vitro degrada-
tion time of the hydrogel, as PGel-only hydrogels completely
degraded in <2 weeks in vitro with cells (data not shown) but
PHA/PGel hydrogels maintained their integrity past 2 weeks in cul-
ture. Future study will include improving the adhesion of rNSCs to the
GNR hydrogels, such as through the incorporation of fibronectin
and/or laminin peptides (e.g., RGD, IKVAV, YIGSR) into the hydrogel.

There were several additional benefits of the citrate-GNRs rela-
tive to the CTAB-GNRs. First, given that citrate is known to be a bet-
ter stabilizer than CTAB,® our results were consistent with others
and there was less aggregation and an extended shelf-life of citrate-
GNRs compared to CTAB-GNRs. Citrate-GNRs did not aggregate over
time as quickly, compared to CTAB-GNRs that started partially aggre-
gating within 1 to 2 days. Second, the enhanced stabilization and
dispersion of citrate-GNRs enabled them to be sterile-filtered for in
vitro studies, while retaining ~66% of the GNRs by mass. The CTAB-
GNRs were not able to be sterile-filtered, even directly after synthe-
sis, most likely from partial aggregation. Third, the better dispersion of
citrate-GNRs enabled easier blending with the PHA/PGel precursor
compared to the CTAB-GNRs. Mehtala et al.3! similarly found that
CTAB-GNRs were destabilized and resulted in partial aggregation
after excess CTAB was removed. They successfully used a different
indirect method using polystyrenesulfonate (PSS) to exchange the
CTAB for citrate. In general, the focus of citrate-GNRs has been on
the exchange of CTAB for citrate to enable further functionalization®*
or future use in biomedical applications,* not on sterilization
methods, fabrication of conductive composites, or applications to
bioprinting.

Finally, the GNR hydrogels had a paste-like rheology, which
enhanced the surgical translation and bioprintability. Other reported
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gold nanoparticle hydrogels have been developed and shown to be
injectable, but the viscosity was not characterized.?*23% The GNR
precursor developed in the current study had a shear thinning viscos-
ity profile, which enabled it to be injected through a nozzle for both
bioprinting and easier surgical placement. Furthermore, the GNR pre-
cursor had a good storage modulus recovery (i.e., 280%) and an
improved yield stress compared to the PHA/PGel, which led to higher
shape fidelity of the bioprinted construct and may additionally
improve retainment of the material after surgical injection into an SCI.
One study bioprinted GeIMA-GNRs in alginate hydrogels, but the bio-
printing required the co-extrusion of the bioink with calcium chloride
to form stable bioprinted struts.*? Another study leveraged GNPs to
slowly crosslink thiolated HA, thiolated gelatin, and PEG-diacrylate.®*
While the slow crosslinking (i.e., > 24 h) was suitable for bioprinting, it
may not be suitable for surgical translation. Compared to previously
bioprinted GNR or GNP hydrogels, the GNR hydrogel precursor
developed in the current study was able to be bioprinted into stable
struts without any support solutions and have controlled photo-
crosslinking in 4 min, which enhanced bioprinting.

Additionally, the paste-like rheology of the GNR precursor
enhanced surgical placement. The feasibility of delivering the GNR
hydrogel and safety for the duration of a 2-month pilot study in rats
was demonstrated, where rats received a T8 lateral hemi-section (see
Figures S1-S3). The paste-like materials (i.e., PHA/PGel/GNR,
PHA/PGel, PHA) were easier to use and were better retained in the
injury during crosslinking compared to the liquid precursor of PGel.
The GNR hydrogels were feasible to implant, and did not have toxic
side effects on vital organs over 8 weeks (see Figure S3). While these
initial studies ensured that the GNR hydrogels were nontoxic and ver-
ified that the GNR hydrogels had surgical clinical potential, future
studies will be vital to compare the clinical potential in terms of neural
regeneration and functional recovery, and specifically with and
without ES.

In addition to the precursor characterization, the mechanical per-
formance and swelling properties of the crosslinked hydrogels
implanted into a SCI were important to characterize because swelling
may result in increased intraspinal pressures, which in turn may result
in negative clinical outcomes.®®> The GNR hydrogels had increased
swelling and absorption of water, and we speculate the cause was lim-
ited crosslinking from the high GNR concentrations. Despite the
higher aspect ratio GNRs, the GNR concentrations are high enough to
limit crosslinking because of the dark color/opacity of the hydrogels
and/or less available crosslinker. Thiols bond to gold quickly and with
high affinity, which may have trapped some of the dithiol crosslinker
and partially inhibited crosslinking of the PHA or PGel polymers. No
visible aggregates were seen in the precursor, but GNR hydrogels had
increased swelling and absorption, which was consistent with a less
crosslinked network. Lower compressive elastic moduli typically
accompany softer hydrogels; however, the GNR hydrogels did not
have significantly different compressive moduli from the PHA/PGel
hydrogels. Gold nanoparticles have been used in tissue engineering to
generate hydrogels with improved stiffness,®® therefore, we specu-
lated that the GNRs may have increased the moduli of PHA/PGel, but

the inhibited crosslinking may have diminished or counterbalanced
that effect. In the future, hydrogel crosslinking may be improved and
swelling reduced by increasing the PHA functionalization, increasing
the concentration of the DTT crosslinker, use of different nontoxic
crosslinkers (e.g., peptide crosslinkers), or alternative crosslinking
chemistries (e.g., methacrylate chemistry).

The rNSCs on the bioprinted GNR hydrogels had similar staining
intensity and distribution for neural stem cells and neurons compared
to the PHA/PGel, indicating that the GNR hydrogel by itself may not
be promoting early neural differentiation. While rNSCs may be begin-
ning to differentiate by day 7, we did not anticipate that GNR hydro-
gels by themselves would promote differentiation without ES, which
highlights the importance of future studies of GNR hydrogels com-
bined with ES. We hypothesize that the conductive hydrogel
combined with ES will be necessary to drive neural differentiation.
Given that HA hydrogels are insulators, few studies have applied elec-
trical stimulation with HA hydrogels (e.g., cartilage repair,®” peripheral
nerve repair’®), but the conductivity of the GNR hydrogel developed
in the current study provided the conductivity that will enable it to be
a platform to deliver ES directly to encapsulated cells in the future.
These future studies will have the opportunity to explore parameters
such as current intensity, frequency, and duration, and to investigate
whether the GNR hydrogel will promote neural differentiation and/or
neurite growth. Additional in vivo studies will then be warranted to
investigate whether the GNR hydrogel, with and without ES, will pro-
mote axon regeneration and neural plasticity. Overall, conductive bio-
inks such as the GNR hydrogel developed in the current study are
translational platforms that may synergistically link regenerative medi-
cine and rehabilitation approaches for developing regenerative reha-
bilitation treatments for SCI.

5 | CONCLUSIONS

The goals of the study were accomplished with the development of a
GNR hydrogel that was electrically conductive, nontoxic, and had an
injectable, paste-like precursor that was bioprintable and enabled
enhanced surgical placement for SCI. Two established protocols for a
robust synthesis for high aspect ratio GNRs and an indirect ligand
exchange were combined to produce nontoxic, high aspect ratio
citrate-GNRs that overcome several of the challenges associated with
GNRs and may enable widespread use of GNRs in other biomedical
applications. No previous studies have applied a GNR-based conduc-
tive hydrogel for SCI, but the developed injectable and conductive
GNR hydrogel provides a key translational platform that may be
refined to promote in vivo neural regeneration and eventually used to
synergistically combine regenerative medicine approaches and reha-
bilitation approaches (e.g., ES) to maximize functional recovery
after SCI.
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