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Abstract

New conductive hydrogels with superior biocompatibility continue to be developed in order to serve
as bioactive scaffolds capable of modulating cellular functionality for tissue engineering applications.
We developed an electrically conductive gelatin methacrylate-poly(aniline) (GelMA-PANi) hydrogel
that is permissive of matrix mineralization by encapsulated osteoblast-like cells. Incorporation of
PAN:i clusters within the GelMA matrix increases the electro-conductivity of the composite gel, while
maintaining the osteoid-like soft mechanical properties that allows three-dimensional encapsulation

of living cells. Viability of human osteogenic cells encapsulated within GelMA-PANi hydrogels was
similar to that of GeIMA. Cells within GelMA-PANi also demonstrated the capability of depositing
mineral within the hydrogel matrix after being chemically induced for two weeks, although the total
mineral content was lower as compared to GelMA. Additionally, we demonstrated that the GelMA-
PANi-composite hydrogel could be printed in complex, user-defined geometries using digital

projection stereolithography.

Introduction

The past few decades have seen the development of
new biomaterials capable of mimicking the in vivo 3D
microenvironment in an effort to modulate cellular
responses for a variety of tissue engineering applica-
tions. To this end, hydrogels have emerged as ideal
biomaterials in the development of biomimetic 3D
tissue scaffolds due to their hydrated extra-cellular
matrix like properties [ 1-3]. Within the past few years,
hydrogel biomaterials laden with living cells have also
been used to simulate the 3D in vivo microenviron-
ment as an alternative to conventional 2D configura-
tions [4, 5]. However, the electrically non-conductive
nature of hydrogels impedes its use for excitable cells
such as neural, skeletal and cardiac muscle, and bone
cells [6, 7]. To extend the utility of hydrogels, conduct-
ing elements like metallic nanoparticles [8—14] and
inherently conductive polymers (IHPs) [6, 15-19]
have been incorporated within hydrogel matrices in
order to add conductive properties to the 3D
microenvironments.

Most recently hydrogels have been combined with
polyaniline (PANi), a commonly used IHP [17, 20],
since it is capable of conducting electricity due to the
presence of conjugated double bonds in its chemical
structure [6]. Additionally, PANi has favorable prop-
erties to researchers such as low cost, ease of synthesis,
and the ability to electrically switch between resistive
and conductive states. Studies involving PANi have
been extensively centered around the seeding of cells
on pre-fabricated PANI films, as synthesis of 2D thin
films can be processed quite easily with current manu-
facturing methods such as inkjet printing, casting, self-
assembly, and electrospinning [21-25]. The use of
PANi in engineering cell-laden three-dimensional
biomimetic constructs has been limited due to its diffi-
cult and non-biocompatible processing steps and its
insolubility in common solvents [17, 26-28].

Previously, we have reported that PANi can be
integrated with synthetic PEGDA and naturally
derived gelatin methacrylate (GelMA) hydrogels
in situ in order to develop 3D conductive-hydrogels
that are sufficiently biocompatible with seeded cells
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[29, 30]. However, like studies similar to ours, the
harsh processing methods were incompatible with cell
encapsulation approaches. In this study, we developed
a conductive PANi-GelMA composite by incorporat-
ing PANi clusters within a photo-polymerizable
GelMA hydrogel and investigate the ability of encap-
sulated osteoblast-like cells to mineralize within the
hydrogel matrix. Additionally, we provide a proof-of-
concept that our conductive hydrogel can be printed
using digital stereolithography in order to create
defined areas of mineralization.

Materials and methods

Gelatin methacrylate/poly(aniline) solution
preparation

Poly(aniline) clusters (PANi) were synthesized accord-
ing to published studies [31-33]. Briefly, aniline (Acros
Organics) and ammonium persulfate (APS, Sigma
Aldrich) were dissolved separately in 1 M hydrochloric
acid (HCI) to specified concentrations of 0.32 M and
0.16 M, respectively. Once dissolved, the two solutions
were quickly mixed and left to stand for 24h
(figure 1(A)). After polymerizing, the aniline-APS
polymer solution was dialyzed against distilled water
in 12-14 KDa dialysis tubing (Spectrum™, Thermo
Fisher Scientific) for 3d. After 72h, the dialyzed
solution was filtered with a micro-filter paper (pore
size-0.46 pm) and dried at room temperature.

Gelatin methacrylate (GelMA) macromer was syn-
thesized according to our published work [34]. Briefly,
porcine skin gelatin (Sigma Aldrich) was mixed at 10%
(w/v) in phosphate buffered saline (PBS, Thermo
Fisher Scientific), combined with methacrylic anhy-
dride, dialyzed against distilled water, lyophilized, and
stored at —80 °C until needed. GelMA pre-polymer
solution was created by combining the freeze-dried
GelMA macromer with PBS and 0.25% UV photo-
initiator Irgacure 2959 (Specialty Chemicals) in spe-
cific ratios depending on the desired application (%
w/V).

PANi was dissolved in 0.1 M HCL in order to pro-
duce solutions of 1%, 5%, 7.5%, 10%, and 15% (w/v),
respectively, and sonicated for 30 min prior to incor-
poration into GelMA to facilitate dispersion. After
sonication, PANi solution was added to 15% (w/v)
GelMA pre-polymer solution to create the hybrid
GelMA-PANI solutions used for mechanical analysis
(referred to as 0.05, 0.25, 0.375, 0.5, and 0.75 PANi
respectively).

Characterization of hybrid conductive hydrogel

The size and morphology of the PANI clusters were
analyzed via transmission electron microscopy (TEM,
JOEL 2000EX) under an acceleration voltage of
100 kV. As previously described, a 0.1% PANi solution
was synthesized and deposited onto a thin bar
formvar-carbon hexagonal 400 Cu mesh grid
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(FCFTH400-Cu, Electron Microscopy Sciences) and
subsequently dried in a desiccant chamber. After
drying, the grids were stained with a 2% uranyl acetate
solution and placed in the desiccant chamber briefly
prior to imaging.

In order to show incorporation of PANi into
GelMA hydrogel solution, the UV—visible absorption
spectra for uncured 15% (w/v) GelMA, 0.1% PANi
solution, and combined GeIMA-PANi pre-polymer
solution was obtained using a UV—Visible Spectro-
photometer (Evolution 201, Thermo Fisher Scien-
tific). To obtain the measurements, 3 ml of each
sample solution was added to a plastic cuvette stan-
dard to the device. Absorbance at wavelengths
between 200 and 800 nm was recorded, and data was
exported to Excel (Microsoft) for analysis. Back-
ground calculations were normalized to deionized
water.

Hydrogel slabs used for mechanical, electrical, and
swelling measurements were made by injecting the
GelMA-PANI] solutions between two glass slides sepa-
rated by Teflon spacers (0.81 mm thick for electrical
characterization; 1.62 mm thick for mechanical and
swelling characterization). The pre-polymer solution
was crosslinked via UV light (Omnicure S2000 UV
Lamp, Lumen Dynamics) for 10 min (UV intensity
10 W cm™ %) to generate samples.

The electrical conductivity of GeIMA-PANi slabs
were measured against 15% (w/v) GelMA using a cus-
tom made electrical chip. 0.81 mm slabs were made as
previously described, placed inside the chip, and sub-
sequently compressed with a 10 g weight. Resistances
were measured incrementally from 0 to 300 s and the
data points between 100 and 200 s were averaged for
the reported resistance values.

The compressive modulus of both the GelMA and
GelMA-PANi slabs were measured via dynamic
mechanical analysis (DMA, Q800, TA Instruments,
Inc.). A 15% (w/v) GelMA slab with a thickness of
1.62 mm was compared against 15% (w/v) GelMA-
PAN:i slabs of the same thickness containing four dif-
ferent concentrations of stock PANi solution (1%, 5%,
10%, and 15%). A new slab was created prior to each
test and was placed on a compression clamp where the
strain was incrementally increased from 5% to 20%
with a preloaded force 0of0.01 N.

The swelling ratios of the four different types of
GelMA-PAN] slabs were calculated by the following
equation:

swelling ratio (%) = (W, — Wy)/W3*¥100%,

where W,, is wet weight and Wy is dry weight. To
obtain the measurements, fresh GelMA-PANi slabs
were immersed in deionized water for 3 d, weighed,
dried under ambient humidity for 7 d at room
temperature, and weighed again.
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Figure 1. PANi synthesis and material characterization. (A) Schematic of PANi clusters. (B) TEM image of 0.1% (w/v) PANi clusters
in HCl (scale bar = 500 nm). (C) Brightfield images of representative GelMA-PANi composite slabs used for mechanical and electrical
tests. From left to right, increasing amounts of PANi incorporation into GelMA (1%, 5%, 10%, and 15%) created composites with
increasing opacity (scale bar = 5 mm). (D) UV-vis absorbance spectra of GelMA-PANi composite (green), pure PANi (red), and
GelMA hydrogel (blue), indicating homogenous incorporation of PANi nanowires into GelMA hydrogels. (E) Resistance
measurements of GeIMA-PANi composites with increasing amounts of PANi. Conductivity increased significantly with increasing
PANIi concentration (1 = 5;* = p < 0.05). (F) DMA analysis of GelMA and GelMA-PANi composites. Increasing amounts of PANi
added to the GeIMA matrix reduced the hydrogel modulus significantly (7 = 6;* = p < 0.05). (G) Swelling of GelMA-PANi
composites increased with increasing concentrations of PANi (n = 5; " = p < 0.05).

Saos-2 culture and encapsulation

Human osteosarcoma cells (Saos-2, ATCC) were
employed as analogs for osteoblasts as they are
generally representative of the early stages of osteo-
genic differentiation and mineralization [35]. The
Saos-2 cells were cultured in Dulbecco’s Modification
of Eagles’s Media (DMEM, Life Technologies) supple-
mented with 1% GlutaMAX (G, Life Technologies),
1% penicillin-streptomycin (Life Technologies) and
10% fetal bovine serum (FBS lot G12102, Atlanta
Biologicals), and cultivated at 37 °C in a humidified
95%air/5% CO, atmosphere. Cells were grown to
confluence and passaged using 0.25% trypsin-EDTA
(Life Technologies) prior to any new experiment.

Saos-2 cells were encapsulated in GelMA or
GelMA-PANI by mixing 5 yl of a cell suspension con-
taining approximately 10 000 cells 1" with 15 yl of
either 20% (w/v) GelMA or 20% (w/v) GelMA sup-
plemented with PANi (refer to G + 0.5PANi in
figure 1). The 20 ul cell/hydrogel pre-polymer solu-
tion was pipetted into 5 mL of autoclaved vegetable
oil, taking advantage of a surface tension technique
used in previous studies [34] and UV cured for 1 min
and 20 s using a Hamamatsu LED Controller (Hama-
matsu C11924-511; Hamamatsu Photonics K.K.,
Japan) with an output of 5mW cm 2. Once cured, the
GelMA and GelMA-PANI beads containing approxi-
mately 50 000 cells were washed in sterile PBS and
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transferred into cell culture media. Media was refre-
shed every 2-3 d on each construct using standard cell
culture procedures.

Cellular viability and morphology

After 1 d of culture under standard conditions, GelMA
and GelMA-PANi samples containing encapsulated
Saos-2 cells were analyzed for viability using a standard
Live/Dead assay. This time point was chosen to
account for process-associated apoptosis and necrosis
which can take several hours to execute. To measure
viability, GelMA and GelMA-PANi constructs were
transferred into warmed media supplemented with
calcein-AM (1:2000 dilution, Life Technologies) and
ethidium homodimer (1:500 dilution, Life Technolo-
gies), and incubated for 1 h prior to imaging, respec-
tively staining live cells green and dead cells red. Live/
Dead images were taken at the top, middle, and
bottom of each sample using a Leica DMI4000 B
inverted research microscope (Leica) and the relative
proportion of live and dead cells were analyzed using
Image]J software (NIH).

GelMA and GelMA-PANi samples to be imaged
for nuclei and f-actin were fixed in cold 4% paraf-
ormaldehyde (Sigma-Aldrich) after 3 d of culture and
were subsequently transferred into room temperature
PBS for staining. Samples were treated with 0.2% Tri-
ton X-100 (Sigma) for 30 min, washed twice with PBS,
and stained for actin with Alexa Fluor 488 Phalloidin
(1:100 dilution, Life Technologies). Sample nuclei
were counterstained with 2.5 g ml ! 4,6-diamidino-
2-phenylindole (DAPI, 1:50 dilution, Life Technolo-
gies) and imaged with a LSM 780 laser scanning con-
focal microscope (Zeiss).

Mineralization

After 1 d of culture, GelMA and GelMA-PANi hydrogels
containing approximately 50 000 encapsulated Saos-2
cells were chemically stimulated to induce mineral
deposition. Specifically, the hydrogel samples were
transferred 24 h after encapsulation into an osteogenic
medium consisting of DMEM, 10% FBS, 1% PSG,
10 nM dexamethasone (DEX, Sigma-Aldrich), 100 M
L-ascorbic acid-2-phosphate (AA2P, Sigma-Aldrich),
and 10 mM f-glycerophosphate (BGP, Sigma-Aldrich).
Osteogenic media was refreshed every 2-3 d on each
construct using standard cell culture procedures.

After 14 d of culture in osteogenic media, GelMA
and GelMA-PANi samples were fixed in cold 4% for-
maldehyde for 24 h, after which they were washed and
stored in PBS. Samples were imaged for mineral con-
tent at a 16 um’ voxel resolution using a pCT-40
instrument operating at 55kVp with a 200 ms integra-
tion time (Scanco Medical AG, Briittisellen, Switzer-
land ) [36]. Samples were lightly packed in PBS
saturated cotton gauze inside standard pCT sample
tubes. After imaging, samples were transferred into
PBS and prepared for histological analysis.

S W Sawyer et al

RT-qPCR

RT-qPCR was performed on RNA extracts from
GelMA and GelMA-PANi samples to evaluate expres-
sion of a panel of osteogenic genes. For RNA extrac-
tion, GelMA and GelMA-PANi samples were created
in triplicate, grown in culture medium for either 1 or
14 d, washed in PBS, and transferred to stock cell lysis
buffer that is supplied by Qiagen RNeasy Mini Kits
(Qiagen). Sample triplicates were homogenized in the
buffer three times via a Precellys homogenizer (Bertin
Instruments), transferred to a Qiagen Qiashredder
column, and subsequently processed via published
Qiagen RNeasy protocols. Extracted RNA was checked
for quantity and purity by UV absorbance spectro-
metry using a Tecan Infinite 200 Nanoquant plate
reader (Tecan Trading AG), and stored at —80 °C until
needed.

After RNA extraction, cDNA was created accord-
ing to published protocol with an iScript Reverse
Transcription kit (Bio-Rad Laboratories, Inc.) in an
Eppendorf Mastercycler pro (Eppendorf AG) for
qPCR reactions. iTaq universal SYBR Green Supermix
(Bio-Rad Laboratories, Inc.) was used for the real time
qPCR reaction according to manufacturer recom-
mended protocol in an Eppendorf RealPlex 2 Mas-
tercycler (Eppendorf AG). Relative expression of five
different transcripts associated with osteogenesis were
compared by real time RT-qPCR and normalized to
human beta actin (ACTB) expression: osteonectin
(SPARC), osteopontin (SPP1/OPN), osteocalcin
(BGLAP), human collagen 1 alpha 1 (hCOL1A1), and
human alkaline phosphatase (hALPL). Oligonucleo-
tide primers were synthesized by RealTimePrimers
(ACTB, SPARC, SPP1/0OPN, BGLAP) or Eurofins Sci-
entific (hCOL1A1 and hALPL). Amplicons were eval-
uated for primer specificity by melt-curve analysis and
agarose gel electrophoresis. Amplification efficiency
for each primer pair was determined by interpolation
to an 8-point standard curve of two-fold dilutions
of cDNA.

Histological analysis

GelMA and GelMA-PANi samples were prepared for
histological analysis via standard paraffin embedding
protocols. Briefly, samples containing encapsulated
cells were grown in culture medium for either 1 d (no
chemical induction) or 14 d (with chemical induction)
and fixed in cold 4% paraformaldehyde for 24 h before
dehydration through ascending ethanol series, clear-
ing in xylene, and infiltration and embedment in Type
9 paraffin at 58 °C. Sections (5 pm thick) were cuton a
rotary microtome (RM2155, Leica) and mounted on
SuperFrost Plus slides.

Hematoxylin and eosin (H&E) staining

Sections were deparaffinized in xylene and rehydrated
through descending ethanol series to deionized water
and stained by standard H&E procedure using Mayer’s
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Hematoxylin and Eosin/Phloxine solutions (Electron
Microscopy Sciences). Sections were then dehydrated
through an ethanol series, cleared in xylene, and
cover-slipped with Permount (Fisher Scientific).

Collagen 1-o-1 immunohistochemistry

For immunohistochemical demonstration of de novo
collagen synthesis, sections of GelMA or GelMA-PANi
samples were de-parafinized and rehydrated as
described above. Prior to immunohistochemical stain-
ing, heat-induced epitope retrieval was performed in
10 mM citrate buffer (pH 6.0) for 4 min using a
pressure cooker. Sections were subsequently blocked
with 2.5% horse serum for 1h (ImmPRESS™ VR
Reagent Kit, Vector Laboratories) and afterwards
incubated with 2 ug ml ™! of mouse anti-collagen type
1 aminopropeptide IgG (SP1.D8, Developmental Stu-
dies Hybridoma Bank) diluted in blocking buffer for
16 h at 4 °C. Slides were then washed several times in
PBS, and endogenous peroxidase activity was inacti-
vated by incubation in blocking solution (Bloxall,
Vector Laboratories) for 10 min at room temperature.
Next, sample slides were rinsed with PBS and probed
for primary immunoreactivity using a peroxidase-
conjugated horse anti-mouse secondary antibody
(Anti-Mouse IgG Peroxidase, ImmPRESS™ VR
Reagent Kit, Vector). After 20 min, the slides were
rinsed with PBS and sections were probed for 10 min
using a polymeric peroxidase substrate (ImmPACT
Chromogen, ImmPACT™ DAB Peroxidase Substrate
Kit, Vector), washed in deionized water, and counter-
stained with Hematoxylin. Sections were then dehy-
drated through ethanol, cleared in xylene, and cover-
slipped with Permount.

Alizarin Red S and toluidine blue staining (mineral and
counterstain)

Alizarin Red S was used to visualize calcium mineral
deposition in the GelMA and GelMA-PANi samples.
Briefly, sections were deparaffinized in xylene and
rehydrated through ethanol to deionized water, then
incubated in 40 mM Alizarin Red S solution (4.1 pH,
Sigma) for approximately 5min. Slides were then
washed in deionized water and counterstained with
Toluidine blue O (Sigma) for 2 min Sections were then
dehydrated through ethanol, cleared in xylene, and
cover-slipped with Permount.

Histological imaging
Cover-slipped and stained sections were imaged using a
Nikon Eclipse E-400 microscope (Nikon Corporation).

Printing GelMA-PANi-cells using digital
stereolithography

A UV-stereolithography platform with a digital micro-
mirror device (DMD) was used to print GelMA-PANi
lines containing encapsulated Saos-2 cells. A 20 ul
solution of 15% GelMA-PANI containing 50 000 cells
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was created as previously described and pipetted drop
wise onto a standard glass slide. Two glass spacers with
thicknesses of 1 mm were fixed onto the glass slide,
thereby creating a ‘well’ in which the GelMA-PANi cell
solution was contained. A methacrylated 12 mm cover
slip (Platinum Line) was placed on top of the spacers.
Ultraviolet light from an Omnicure S2000 was focused
onto the samples via a digital mirror array prepro-
grammed with a ‘cross-shaped’ digital mask for 4.7 s
(UV intensity 10 W cm™?). The coverslip was then
washed with 37 °C PBS to remove uncured GelMA-
PANi, and immediately transferred into culture
media. Live/dead staining was performed on the 3D
printed structure as previously described at 24 h post
encapsulation. 3D printed samples were also subjected
to osteogenic media as previously described for two
weeks prior to pCT analysis.

Statistical analysis

Numerical data was entered into Microsoft Excel to
calculate mean and standard deviation and perform
Student’s T-test to assess statistical significance of
differences; p-values less than 0.05 were accepted as
statistically significant.

Results

Poly(aniline) synthesis and material
characterization

Past work on conductive hydrogels has focused on
adding conductive properties to the hydrogel matrices
during the initial synthesis process. Unfortunately, the
harsh nature of the synthesis creates environments
unsuitable for cellular encapsulation in situ and, as a
result, inhibits these composites from being used for
subsequent tissue engineering applications. In order to
work around this issue, PANi clusters were synthesized
independently of the GelMA macromer and added in
various concentrations directly prior to hydrogel curing
and cellular encapsulation (figure 1(A)). Upon polymer-
ization, the poly(aniline) solution was dialyzed against
distilled water and lyophilized to create PANI clusters
(referred to as simply PANI in this work). Transmission
electron microscopy images of 0.1% (w,/v) PANi in HCI
are representative of the PANi synthesized by our
method (figure 1(B)). For electrical and mechanical
studies, 1%, 5%, 10%, and 15% (w/v) stock PANi
solutions in HCl were added to GelMA pre-polymer
solutions to create hybrid GelMA-PANi hydrogels
exhibiting an increasing opacity (figure 1(C)). In order
to show that low concentrations of PANi could be
incorporated homogenously within the GelMA matrix,
0.1% (w/v) PANi was combined with GelMA pre-
polymer solution and subjected to UV—vis spectroscopy
(figure 1(D)). As indicated by the absorbance spectra,
GelMA-PANI hybrid solutions exhibited the character-
istic spectra associated with pure PANi in HCI. While
PANi incorporation into the GelMA matrix was
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Figure 2. Viability and morphology of encapsulated cells. (A) Schematic of cellular encapsulation and representative GelMA and
GelMA-PANi spheres containing approximately 50 000 encapsulated cells (scale bar = mm). (B) Brightfield images of GelMA and
GelMA-PANi spheres containing encapsulated cells showing uniform cellular distribution. Reported images were taken at the top of
each sphere (B,Cscale bar = 0.5 mm). (C) Live(green)/Dead(red) fluorescent images of GelMA and GelMA-PANi spheres. Reported
images were taken at the top of each sphere. (B,C scale bar = 0.5 mm). (D) Nuclei(blue) and actin(green) confocal images of
encapsulated cells after 3 d of culture. Cells encapsulated in GelMA-PANi samples were significantly more rotund than those within
GelMA (scale bar = 50 pm). (E) Cellular viability of encapsulated cells within GelMA and GeIMA-PANi hydrogels. Cells showed

GelMA

GelMA+PANI

homogenous, it was necessary to determine how the
added PAN:I affected the electrical conductivity, mod-
ulus, and swelling ratio as compared to a GelMA only
hydrogel. As expected, adding increasing concentrations
of PANi to GelMA significantly increased the conductiv-
ity of the composite hydrogel (figure 1(E)), however the
small dilution of GelMA macromer caused by increasing
concentrations of PANi resulted in a drop in the
hydrogel compressive moduli (figure 1(F)). Accordingly,
areduction in moduli was accompanied by an increasing
swelling ratio as more GelMA was displaced by PANi
(figure 1(G)), a correlation supported in previous
work [34, 37].

Cellular encapsulation

To determine the biocompatibility of GelMA-PANi
composites, human osteosarcoma cells (Saos-2) were
chosen to serve as a model line for the cellular
encapsulation studies. GelMA and GelMA-PAN:i solu-
tions pre-diluted with cells were crosslinked into
spherical constructs approximately 2 mm in diameter
(figure 2(A)). Twenty-four hours after encapsulation,
brightfield images showed a homogenous distribution
of cells throughout both types of hydrogels (figure 2(B)).
Live/Dead analysis also showed a similar distribution of
cells in both GelMA and GelMA-PANi hydrogels with
viabilities between 40% and 50% respectively, a result
consistent with other cellular encapsulation studies

(figures 2(C) and (E)) [34]. However, while both GelMA
and GelMA-PANi hydrogels showed similar cellular
distribution and viability, differences in cellular morph-
ology could be observed (figure 2(D)). Confocal imaging
of both the nuclei (blue) and cytoskeleton (green) of
encapsulated cells after 3 d of culture showed that cells
within a GelMA matrix displayed a spread morphology
while those in GeIMA-PANi samples had noticeably
more spherical structures.

Mineral deposition

To demonstrate potential for bone tissue engineering
applications, it was necessary to determine how the
addition of conductive PANi would affect mineral
deposition in vitro (figure 3(A)). Cells were encapsu-
lated as previously described in either GelMA or
GelMA-PANi hydrogels and chemically stimulated for
two weeks with osteogenic media, after-which they
were fixed and scanned for mineral accumulation. In
both samples cell mineralization appeared to occur
robustly at the periphery of the gels adjacent to the
media interface and waned toward the center of the
constructs (figures 3(B) and (C)). Despite this organi-
zation, mineral within the GelMA samples appeared
more uniform and contiguous while mineral within
the GelMA-PANi samples appeared disorganized.
Quantification of 4CT imaging data further illustrated
that GelMA-PANi samples were significantly less
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Figure 3. Mineral deposition analysis. (A) Schematic of mineral deposition within GelMA and GelMA-PANi spheres. After cellular
encapsulation, samples were stimulated chemically for two weeks to produce mineral. (B) and (C) Representative ;«CT images of both
GelMA and GelMA-PAN:i spheres after two weeks of chemical stimulation. Mineral formation in GelMA appeared more uniform (B,
left) than GeIMA-PANI (C, left). Middle cross sections of side and top views of GeIMA showed more continuous and directed mineral
formation (B, right) than GeIMA-PAN:i (C, right). (D) Quantification of ;4CT shows mineral deposited in GelMA samples have
significantly higher density and occupy a greater volume than mineral deposited in GeIMA-PANi composites (n = 4;* = p < 0.05).
(E) Histological staining of 5 yim sections taken from both GelMA and GeIMA-PANi samples. No significant differences were shown
via H&E and collagen 1-a-1 staining, however Alizarin Red staining indicated that mineral deposition within GelMA samples was
organized as compared to GelMA-PANi (scale bar = 0.1 mm; white arrow represents sample edge). (F) RT-qPCR gene expression for
cells within GelMA versus GeIMA-PANi 1 d post encapsulation (F, left) and 14 d after chemical stimulation (F, right). One day post
encapsulation, cells within GelMA-PANi composites showed an up-regulation in collagen 1-a-1 expression and a down-regulation in
osteopontin expression as compared to cells within GelMA samples, however gene expression normalized after 14 d of chemical

stimulation (n = 3;* = p < 0.05).

dense and mineralized matrix occupied a significantly
smaller volume fraction than that produced by sam-
ples composed of only GelMA (figure 3(D)). Non-
cellular induced controls and non-induced cell-laden
controls showed no mineralization, respectively, when
analyzed via uCT (data not shown).

Histological staining was performed on paraffin
embedded GelMA and GelMA-PANi samples after
two weeks of induction to evaluate differences in
matrix deposition (figure 3(E)). Aside from PANi
granules being visible in GelMA-PANi sections, no
difference in morphology or collagen deposition was
evident by H&E and collagen 1-a-1 stains, with cell
lacunae being equally visible in both samples. Sections
stained for mineral, however, did show differences
with deposition in GelMA samples appearing orga-
nized and directional (figure 3(E), right panel top)

while deposition in GelMA-PANi samples appearing
random and disordered (figure 3(E), right panel bot-
tom). Furthermore, mineral deposition in GelMA
samples occurred in a gradient pattern, with more
mineral being deposited towards the hydrogel periph-
ery and decreasing towards the center of the construct.

In order to determine the potential osteoconductive
properties of GelMA-PANi hydrogels, we used RT-
qPCR to assay expression of genes associated with osteo-
blastic matrix synthesis and mineralization in samples
collected both 1 d after encapsulation and 14 d after cul-
ture (figure 3(F)). In samples collected 24 h after encap-
sulation, osteopontin expression was significantly
down-regulated (1.02 to 0.30, p = 0.01) and collagen
1-a-1 expression was significantly up-regulated (1.17 to
3.78, p = 0.04) in GelMA-PANi samples relative to
GelMA samples. However, after two weeks of culture,
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Figure 4. Printing of conductive hydrogels. (A) Schematic of a DMD device used to print conductive hydrogels in specific patterns
using UV-photo-crosslinking process. (B) Live(green) /Dead(red) fluorescent image of GelMA-PANi printed in the shape of a cross
overlaid on the corresponding brightfield image (scale bar = 0.2 mm). (C) Representative ;tCT images of a 3D printed GelMA-PANi

gene expression in GelMA-PANi samples showed no
significant differences relative to GelMA.

Printing of conductive hydrogels using digital
stereolithography

Although a variety of conductive hydrogels have been
developed, the poor mechanical properties of these
materials do not allow for the fabrication of functional
circuits. In this work, we used projection-based
stereolithography to print GelMA-PANi lines at a
micrometer resolution in order to establish a proof-
of-concept that user-defined features could be printed
using this material. A DMD (figure 4(A)) was used to
print a 500 pum thick cell-laden GelMA-PANIi cross,
with arms approximately 200 um wide. Live/Dead
staining performed 24 h after printing showed high
cellular viability in addition to an even cell distribution
(figure 4(B)). Chemical induction for two weeks
showed mineralization along the arms of the cross
with no mineral formation in the center, presumably
due to inherent diffusion limitations (figure 4(C)).

Discussion

The application of electrical signals in tissue engineer-
ing substitutes is under-explored as compared to more
traditional biophysical and biochemical cues such as
mechanical forces and growth factors. The limited

work in this field is most likely due to the challenges
involved in developing new conductive biomaterials
that provide a biomimetic 3D environment while still
allowing for reliable charge transfer between living
cells [38, 39]. This work develops a GelMA-PANi-cell
composite that enables the encapsulated Saos-2 cells to
be viable within a conductive 3D environment and
deposit mineral within the matrix. Additionally, we
demonstrate that this material can be printed into
user-defined micro-geometries using a digital stereo-
lithography method, a necessary first step in the
successful integration of conductive hydrogels into
functional tissue regenerating devices [40, 41].

We chose GelMA as our base hydrogel, as it has
several advantages for use in bone tissue engineering.
Not only is GelMA comprised of denatured collagen,
the main organic component found in bone tissue
[42], but it also retains bioactive cell-attachment sites
within a hydrated mesh-like structure that allows for
easy cell attachment and metabolic waste exchange
with the surrounding media [43]. Additionally,
GelMA can be processed into useful structures using
UV-crosslinking, an easy-to-use processing method
which has been shown to not cause lasting damage to
encapsulated cells in short exposures [29]. Further-
more, due to the relative ease with which the hydrogel
can be synthesized and cured, the addition of PANi
and cells post processing make GelMA an optimal
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medium for the creation of GelMA-PANi-Saos-2
composites.

For cell encapsulation experiments, GelMA was
mixed with PANi and irradiated with UV light. The
amount of PANi and exposure time was chosen to
maximize the electrical conductivity within the com-
posite hydrogel while at the same time maintaining the
structural properties of GelMA. Based on the results
(figures 1(E)-(G)), GeIMA with 0.50 PANi provided
maximal conductive properties and maintained a
compressive modulus and swelling ratio suitable for
cellular encapsulation. Furthermore, no significant
difference in the viability of encapsulated Saos-2 cells
in GelMA and GelMA containing 0.50 PANi was
demonstrated (figure 2(E)), indicating that the PANi
nanowires were not cytotoxic. The overall generally
low viability of encapsulated Saos-2 cells within both
types of hydrogels, however, could be attributed to dif-
fusion limitations inherent in our comparably larger
structures, an observation that was emphasized by the
lack of mineralization in the diffusion limited center of
the constructs (figures 3(B) and (C)). Accordingly, it
has been shown that cells are required to be within
200-300 pm of a nutrient supply to function appro-
priately, indicating that future studies would need to
address this obvious limitation.

The addition of PANi appeared to decrease the abil-
ity of encapsulated Saos-2 cells to spread (figure 2(D)),
suggesting a possible interruption of cell attachment
dynamics. Additionally, mineral deposition was sig-
nificantly affected by the presence of PANi as both the
density and volume of mineral deposited within the
composite matrix was significantly lower than that
deposited in GelMA (figure 3(D)). It has been shown
recently that bone cells seeded onto softer matrices tend
to deposit less mineral [44], a phenomena that lends an
explanation to the reduced deposition in our softer
GelMA-PANi composites. Furthermore, after 1d of
encapsulation, cells within GeIlMA-PANi hydrogels had
an up-regulation of collagen 1-a-1 expression and a
down-regulation of osteopontin relative to those within
GelMA, indicating that the newly encapsulated cells in
the composites were attempting to synthesize matrix for
support rather than produce mineral. Alternatively, cells
within GelMA hydrogels showed a more spread morph-
ology (figure 2(D)) and produced mineral in a more
ordered fashion (figures 3(C) and (E)), indicating that
they were capable migrating readily through the gel.

Conductive GelMA-PANi composites were also
amenable to stereolithographic printing. Specifically,
by using a DMD printer it was possible to print lines of
GelMA-PANI containing encapsulated cells in user-
defined geometries, allowing for the potential fabrica-
tion of electro-active biological circuits. In future stu-
dies, cell-laden conductive hydrogels could be actively
stimulated with external electrical cues, potentially
serving as a novel way for the study of how active elec-
trical signals affect cellular function.

S W Sawyer et al

Conclusion

In this work, we successfully demonstrated a novel
method for incorporating a conductive polymer into a
cell-laden, biomimetic hydrogel without compromis-
ing cell viability. Furthermore, we demonstrated that
this conductive, cell-laden hydrogel is compatible with
digital stereolithography, thereby allowing for the
creation of spatially precise, user-defined structures.
While there is much work that remains to be done to
modulate cellular function, this research has devel-
oped an improved electro-conductive cell laden
hydrogel for further investigation.
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