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Abstract

Background: The fundamental electrical properties of bone have been attributed to the organic collagen and the
inorganic mineral component; however, contributions of individual components within bone tissue toward the
measured electrical properties are not known. In our study, we investigated the electrical properties of cell-mediated
mineral deposition process and compared our results with cell-free mineralization.
Materials and Methods: Saos-2 cells encapsulated within gelatin methacrylate (GelMA) hydrogels were chemi-
cally stimulated in osteogenic medium for a period of 4 weeks. The morphology, composition, and mechanical
properties of the mineralized constructs were characterized using bright-field imaging, scanning electron mi-
croscopy (SEM) energy-dispersive X-ray spectroscopy, Fourier-transform infrared spectroscopy (FITR), nuclear
magnetic resonance spectroscopy (NMR), micro-CT, immunostaining, and mechanical compression tests. In
parallel, a custom-made device was used to measure the electrical impedance of mineralized constructs. All
results were compared with cell-free GelMA hydrogels mineralized through the simulated body fluid approach.
Results: Results demonstrate a decrease in the electrical impedance of deposited mineral in both cell-mineralized
and cell-free mineralized samples.
Conclusions: This study establishes a model system to investigate in vivo and in vitro mineralization processes.
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Introduction

Native bone is a composite material that consists of
highly ordered organic collagen fibrils and inorganic

hydroxyapatite (HA) and calcium phosphate mineral.1 Based
on physiological loading, age, and several other parameters,
bone is continuously remodeled throughout our lifespan to
maintain homeostasis through an intricate process involving
bone resorption by osteoclasts and mineral deposition by
osteoblasts.2 The process of mineral deposition by osteo-
blasts begins with the aggregation of amorphous calcium
phosphate within intracellular vesicles, followed by exocy-
tosis of the vesicles into the extracellular space where they
begin to deposit crystalline apatite mineral within and along
aligned collagen fibrils before crystallizing into HA.3,4 Un-
derstanding the properties of cell-deposited mineral is im-
portant as a loss in mineral is often associated with an
increased risk of osteoporotic fracture and a reduced rate of
bone healing.5,6 As a result, several research groups have
used cell-laden hydrogels as model in vitro systems to in-

vestigate the process of mineral deposition.7–14 In a typical
study, osteogenic cells are encapsulated within a hydrogel
matrices using cell-friendly crosslinking conditions and
chemically induced to facilitate cell-mediated mineral de-
position within the hydrogel matrix. For these studies, model
cell lines such as human osteogenic sarcoma cells (Saos-2),9

MC3T3-E1 murine osteoblasts,15 mesenchymal and adipose
stem cells,16 embryonic stem cells,17,18 and human-induced
pluripotent stem cells19 have been encapsulated within model
natural hydrogels (collagen, fibrin, and alginate), synthetic
hydrogels (polyethylene glycol), and semisynthetic hydro-
gels.14,20,21 Although studies have investigated the changes in
morphology and material composition of mineral deposited by
the encapsulated cells, no study has investigated their electrical
properties.

Electrical properties have been measured in native bone
tissue.22–26 In fact, clinical therapies based on electric stim-
ulation have shown to enhance bone regeneration.23,27,28 The
origins of electrical properties have been linked to both the
organic (type I collagen) and the inorganic (HA) components
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of bone tissue, although the exact mechanisms are not
known.26,29–31 In this study, we seek to investigate whether
cell-mediated mineralization within a collagen-like hydrogel
matrix causes a change in the electrical properties of the
hydrogel matrix. To do so, we encapsulated widely used
osteoblast-like Saos-2 cells within gelatin methacrylate
(GelMA) hydrogels, a denatured form of collagen. Saos-
laden GelMA constructs were then chemically stimulated for
a period of 28 days, and properties such as mineral mor-
phology, modulus, material composition, and electrical
impedance were characterized at different time points. As a
cell-free control, GelMA samples mineralized through the
simulated body fluid (SBF) method were used. This study
provides new data on the changes in the electrical impedance
properties during both cell-mediated and cell-free minerali-
zation processes.

Materials and Methods

Design and fabrication of polydimethylsiloxane molds

Mold negatives were designed using Fusion360 CAD soft-
ware. Acrylonitrile butadiene styrene (ABS) thermoplastic
molds with rectangular pit dimensions of 4.9mm long, 2.9mm
wide, and 0.5mmhighwere printed using a ZortraxM200 high-
resolution extrusion printer (Fig. 1A). Polydimethylsiloxane
(PDMS) (10:1 base:curing agent) was then mixed and cast onto
the printed molds and subsequently cured at 60�C for 4 h after
degassing under vacuum. Individual rectangular constructs
were then cut using a sterile X-acto knife.

GelMA synthesis

Ten grams of type A porcine skin gelatin (Sigma) was
dissolved into 100mL of Dulbecco’s phosphate buffered
saline (Gibco) at 60�C and stirred until fully dissolved. Eight
milliliters of methacrylic anhydride (Sigma) was then slowly
added dropwise under continuous stirring conditions. The
mixture was then allowed to react for 3 h at 60�C. The mix-
ture was then dialyzed against distilled water using 12–
14 kDa dialysis tubing for 1 week at 50�C. The solution was
lyophilized for 1 week to generate the GelMA macromer and
stored at -80�C until use.

Cell culture and encapsulation within PDMS molds

Human osteosarcoma cells (Saos-2; ATCC) were em-
ployed as model osteoblast-like cells for encapsulation ex-
periments. Cells were cultured using Dulbecco’s modified
Eagle’s medium (DMEM) (Life Technologies) with 10%
fetal bovine serum (v/v) (Atlanta Biologics), 1% penicillin–
streptomycin (Life Technologies), and 1% GlutamMAX
(Life Technologies). Cells were routinely passaged as per the
manufacturer’s protocol with 0.25% trypsin-EDTA (Life
Technologies) and stored at 37�C with 5% CO2. After
counting, centrifuged cells were resuspended in DMEM to
yield a final concentration of 2.5 · 106 cells/mL. This cell
solution was thenmixed with sterile-filtered 20%w/v GelMA
containing 0.5% Irgacure 2959, resulting in 20 lL aliquots of
10% GelMA containing *50,000 cells. The 20 lL aliquots
of GelMA-cell prepolymer solution were then carefully pi-
petted into a sterile PDMS mold. Each sample was then UV
cured for 1min using a handheld Hamamatsu LEDController
(output power 5mW/cm2; Hamamatsu C11924-511; Ha-
mamatsu Photonics K.K., Japan) (Fig. 1B, C). After curing,
samples were removed from the mold and transferred into
24-well plates. Cell-laden GelMA constructs were chemi-
cally stimulated using osteogenic medium consisting of
DMEM containing 10 nM dexamethasone (DEX, Sigma
Aldrich), 100lM of l-ascorbic acid-2-phosphate (AA2P;
Sigma Aldrich), and 5mM of b-glycerophosphate (bGP;
Sigma Aldrich). Chemical stimulation began 24h after encap-
sulation and was continued for a period of 28 days. Medium
was replaced every 2–3 days.

Compression modulus

The compressive modulus of mineralized cell-laden Gel-
MA constructs was evaluated using a dynamic mechanical
analysis machine (Q800; TA Instruments, Inc.) at days 1, 7,
14, 21, and 28. For all constructs, strain percentage was in-
creased from 0 to 40% with a preloaded force of 0.01N and
displacement of 10lm. The slope of the stress–strain curve
from 0 to 10% strain was used to report the compressive
modulus as per previous protocols studying GelMA con-
structs32 (n = 3 for each time point).

FIG. 1. Process flow used to fab-
ricate mineralized GelMA con-
structs. (A) Schematic of PDMS
replica molding process using a 3D
printer ABS negative mold (Pic-
ture). (B) A 10% GelMA with
0.25% Irgacure was casted into
PDMS mold and photo-crosslinked
using UV light to obtain uniform
size GelMA blocks. (C) Crosslinked
GelMA blocks were incubated in
SBF to undergo mineralization. 3D,
three-dimensional; ABS, acrylo-
nitrile butadiene styrene; GelMA,
gelatin methacrylate; PDMS,
polydimethylsiloxane; SBF, simu-
lated body fluid.
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Cellular viability and fluorescent staining

Live–dead staining of encapsulated constructs was carried
out to observe the viability of encapsulated cells on days 1
and 7. Viability was measured fluorescently with Calcein-
AM (live, 1:2000 dilution; Life Technologies) and ethidium
homodimer (dead, 1:500 dilution; Life Technologies) and
visualized with an inverted fluorescent microscope (Zeiss
Axiovert 40 CFL). The live and dead cells were counted
using Analyze Particles function in Image J. The live and
dead channels were split and converted into 8-bit images. The
threshold was set to be 20–255 (n = 3 for each time point).

Mineralization using simulated body fluid preparation

The 2· modified simulated body fluid (mSBF) solution
was prepared through dissolving 10.8 g NaCl, 1 g NaHCO3,
0.852g Na2CO3, 0.95 g KCl, 0.46 g K2HPO4$3H2O, 0.622g
MgCl2$6H2O, 0.586g CaCl2, 0.144g Na2SO4, 17.892g
HEPES, and 100mL 0.2M NaOH into 700mL distilled
water.33,34 The pH of the solution was buffered to 7.4 using a
solution of HEPES dissolved in 0.2M NaOH. After stirring
overnight at 37�C, the solution was diluted to a final volume
of 1 L and stored at 4�C for up to 2 months. GelMA blocks
cast from a prepolymer solution of similar concentration
as the cell-containing variants (10% w/v, 0.25% Irgacure
2959) were then incubated in the mSBF solution at 37�C for
up to 14 days. The body fluid was refreshed daily to supply a
sufficient number of ions in the solution. The minimal re-
quired solution volume was by using the formula provided
by Takadama (Vs ¼ Sa=10), where Vs was the incubation
volume and Sa was the surface area of the sample.

Scanning electron microscopy and elemental
characterization

Cell-laden GelMA constructs were evaluated on days 1 and
21 using standard protocol. In brief, constructs were fixed in a
4% formaldehyde solution, followed by serial incubation in
ethanol baths of increasing concentration (10%, 30%, 50%,
70%, 90%, and 100% v/v in MilliPore water) for 1 h apiece,
before drying under vacuum for 24h. Constructs were moun-
ted on aluminum stubs using double-sided carbon tape, and
sputter coated with Au/Pt (Edwards S150A, 45mA; 60 s).
Samples were then analyzed using an EOL JSM-IT100LA
scanning electron microscope under high vacuum at both 10
and 15kV. Energy-dispersive X-ray spectroscopy (EDS)
analysis was used to detect calcium and phosphate within the
prepared constructs. GelMA constructs after SBF treatment
were also evaluated using the process already described.

Fourier-transform infrared spectroscopy and nuclear
magnetic resonance spectroscopy

Cell-laden constructs on days 1 and 21, along with fully
mineralized SBF constructs, were lyophilized and subse-
quently ground into powder using mortar and pestle. This
powder was mixed with KBr (sample: KBr 1:100w/w) and
pressed into pellets. The Fourier-transform infrared spectro-
scopy (FTIR) spectra were recorded with a Nicolet IR 200
(ThermoFisher) at room temperature from 350 to 4000 cm-1

with a resolution of 4 cm-1 using 16 scans. For obtaining
nuclear magnetic resonance spectroscopy (NMR) data, cell-
laden constructs on days 1 and 28 were lyophilized and

carefully ground into a fine powder using mortar and pestle to
ensure they could be placed in a zirconium rotor. Spectra
were recorded using a Bruker 300 DPX instrument with a
7mm CPMAS probe (spin rate 7000Hz, CP pulse 5.8 ls,
delay 5 s, n = 1). Topspin was used to analyze the data. Data
were obtained in triplicates for each time point.

Histological analysis

Cell-laden constructs were sectioned for mineral on days 7,
14, 21, and 28. Constructs were first fixed in a 4% formalde-
hyde solution and subsequently cast and cured in a 10%GelMA
solution to obtain 6mm diameter cylinders that were 1mm
thick. These casts were then soaked in a 30% sucrose solution
overnight before freezing in Tissue-tek O.C.T. compound
(Electron Microscopy Sciences) within 1 cm3 molds. Frozen
samples were then sectioned into 10lm slices using a Leica
CM3050 cryostat (Leica Biosystems, Germany) at -20�C. For
Alizarin Red staining, samples were stained in 40mMAlizarin
Red S pH 4.2 (Sigma Aldrich) for 5min, dehydrated in 100%
ethanol for 20 s, rinsed with xylene, and mounted using Per-
mount (ThermoFisher). Images of the sections were viewed
using a Leica EZ4 W microscope with the LAS EZ software.
SBF-treated constructs were processed using the process al-
ready described.

Micro-CT

A Scanco micro-CT 40 (Scanco Medical AG, Brüttisellen,
Switzerland) was used to image and quantifymineral formation
in cell-laden and SBF-mineralized constructs. All sampleswere
fixed in a 4% formaldehyde solution and placed in groups of
three inside gauze-packed 16mm diameter micro-CT canisters
and kept hydrated with phosphate-buffered saline (PBS) during
imaging. The samples were scanned at a 6lm voxel resolution
(55 kV, 145mA, 200ms integration time). The scans were
digitally contoured using a lower global threshold of 160mg
HA cm-3 (n= 3 for each time point). Consistency in thresh-
olding between ImageJ and Scanco software was ensured by
importing a scan of the Scanco HA quality control phantom
into ImageJ and plotting grayscale (ImageJ) values versus HA
density. All samples were fixed in formaldehyde (4% for 24 h),
washed in PBS, and placed lengthwise in a 16mm diameter
sample holder for micro-CT imaging (micro-CT 40; Scanco
Medical AG). Foam spacers were placed between samples,
which were kept hydrated with PBS. Samples were imaged at a
16–20lm isotropic voxel resolution (55kV, 145mA, 200ms
integration time).

Impedance measurement

A custom-made impedance testing chip was designed and
developed.35,36 The measurement chip was configured with
planar electrodes that are adhered to an FR-4 fiberglass
printed circuit board substrate. The chip electrodes were
constructed of etched copper 17lm thick, and subsequently
plated with nickel and gold on the surface. The exposed
electrodes were connected to wires through copper traces that
run underneath electrically insulating film to pads that have
wires soldered to them that connect to the data acquisition
(DAQ) analog input channel. The analog input channel has a
10 GO input impedance with 100 pF capacitance to ground
and a sensitivity of 91.6lV. A 100 kO resistor was placed in
series with the sensing electrodes and a constant voltage of
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1.0V was applied across the series resistor and the ground
electrode of the chip. Alternating current was used in this study
to ensure the electrode surface was not damaged. Samples
were washed five times in sterile Millipore water before taking
measurements (n= 6 for each time point). Sample dimensions
after casting and crosslinking ensured complete coverage of
the parallel electrodes. Inner electrode distance was measured
at 2.1mm, with outer electrode distance measuring at the ex-
pected 4.30mm of the sample.

Inductively coupled plasma mass spectrometry

For SBF-mineralized constructs, inductively coupled
plasma mass spectrometry was used to quantify the concen-
tration of calcium and phosphorus across a range of time
points. In brief, constructs were taken after 1, 3, 7, 9, and
14 days of incubation and ground into powder using a liquid
nitrogen/mortar and pestle technique. A 2% nitric acid so-
lution was used to allow the mineral coat to dissolve into the
solution. The ionic components were quantified using a
Perkin Elmer 5300DV Inductively Coupled Plasma Optical
Emission Spectrometer.

Statistical analysis

Paired t-tests were used to compare values across time
points for all experiments.

Results

Generation of cell-mediated mineralized constructs

Figure 1 shows the design and fabrication of GelMA
constructs laden with Saos-2 cells (50,000 cells/construct)
using replica casting within PDMS molds (Fig. 1C). Con-
structs were cultured in osteogenic medium for 28 days and
mineralization was assessed (Fig. 2A). Bright-field imaging
depicts the increase in mineral deposits within the GelMA
matrix from days 1 to 28. No mineral was detected on day 1,
whereas mineral deposits appear as dark spots on day 14. By

day 21, the mineral deposition spanned the entire thickness of
the construct with only the outer regions still showing a Gel-
MAmatrix with embedded mineral aggregates. By day 28, the
mineral deposition covers the entire construct. Despite the size
of the construct and small mass of deposited mineral, ob-
servable differences in the modulus of the gels were measured
(Fig. 1B). On day 1, Saos-laden GelMA samples containing no
mineral exhibited a compressivemodulus of 9.95–2.36kPa. As
the mineral deposition increased on days 7, 14, 21, and 28, the
moduli increased to 10.10– 5.67, 12.97–4.77, 19.98– 0.72,
and 25.09–0.47kPa, respectively. Paired t-tests results showed
a significant increase in compressive modulus over time
( p < 0.01). The cellular viability was assessed on days 1 and
7 to determine cell death induced by the encapsulation
process (Fig. 2C). The results showed 80% viability after
1 day, indicating that the procedural damage was minimal.
Also, no significant drop in cell viability was observed after
7 days of culture in osteogenic medium (Fig. 2D), indicating
the successful diffusion of nutrients and gases throughout
the construct.

Scanning electron microscope morphology
and elemental characterization of cell-laden
mineralized constructs

Scanning electron microscope (SEM) was used to investi-
gate construct morphology and characterize the composition of
accumulated mineral for cell-laden constructs. On day 1, con-
structs appeared to have a smooth surface at lowmagnification,
with small circular and elliptical bumps spread randomly over
the entirety of the observed surfaces (Fig. 3A). Based on EDS
analysis, day 1 constructs contained primarily carbon and ox-
ygen (Fig. 3B), which were expected due to the presence of
GelMA, as these elements were found over the entire surface.
The elemental maps were not able to detect calcium; however,
small peaks of phosphorus were detected that could be ex-
plained due to the presence of encapsulated Saos-2 cells con-
taining phospholipid bilayers. On day 21, constructs showed

FIG. 2. Characterization of compressive modulus and cell viability test. (A) Bright-field images of mineralized cell-laden
GelMA on days 1, 14, and 28. Scale bar: 300 lm. (B) Compressive modulus of mineralizing samples as a function of total
osteogenic stimulation time (n = 3, *p < 0.05, **p < 0.01). (C) Representative images of cell viability on days 1 and 7 after
encapsulation (scale bar: 300lm), where no significant decrease in cell viability was detected (D) (n = 3).
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rough surfaces due to the presence ofmineralization (Fig. 3C.i).
Higher magnification revealed flake morphology in form of
sheets consisting of small spheroids ranging in size from 1
to 5 lm in diameter (Fig. 3C.ii). Meanwhile, images at
1200 ·magnification showed the colocalization of mineral
with other spheroids 10 lm in diameter (Fig. 3C.iii). The
calcium phosphate mineralization was mediated by the
encapsulated cells and anchored locally to allow for sub-
sequent growth of the mineral crystals. EDS analysis and
mapping were able to identify calcium and phosphorus
within mineralized constructs (Fig. 3D).

Synthesis and characterization of cell-free mineralized
GelMA constructs using SBF method

Replica casting within PDMS master molds was used to
fabricate cell-free GelMA 10% (w/v) constructs. Constructs

were lyophilized and rehydrated with SBF before being in-
cubated in SBF at 37�C. This allowed the constructs to be
hydrated with the ion-saturated solution, ensuring the charged
elementswere dispersed throughout the gel from the beginning
of the soaking step, similar to a previous study. Asmineral was
deposited within the GelMA constructs, noticeable change in
the opaqueness of the constructs is observed, especially after
5 days (Fig. 4A). It was found that mineralization beyond day
14 made the constructs brittle and resulted in their destruction
during construct transport or SBF refreshing. Accordingly, day
14 was selected as the end point for this study.

SEM was used to investigate construct morphology and
characterize the composition of accumulatedmineral for both
cell-free constructs. As expected, GelMA constructs not in-
cubated in SBF exhibited a porous structure (Fig. 4B). In
contrast, after 14 days of incubation in the SBF, small mineral
aggregates covered the entirety of the GelMA surface. The

FIG. 3. Surface morphology and elemental characterization of 10% cell-laden GelMA hydrogels. (A) Representative
images of day 1 constructs. Cell-laden hydrogel surfaces were viewed at (i) 65·, (ii) 400·. (B) EDS analysis of exposed
surface of cell-laden hydrogel at 65 ·magnification. Elemental maps of (i) calcium and (ii) phosphorus were included to
localize elements to their corresponding sites on the recorded image. (iii) Corresponding EDS of image highlights the
presence of carbon, oxygen, and phosphorus. (C) Representative images of day 21 constructs. Overall surface image was
taken at (i) 110· magnification. (ii) Upon closer inspection, these flake irregularities are revealed to be sheets composed of
organized white aggregates of apatite mineral. (iii) Spherical encapsulated cells were coated in mineral apatite (red arrows).
(D) EDS analysis of exposed surfaces of mineral-coated cell-laden hydrogel. Elemental maps of (i) calcium and (ii) phos-
phorus are included. (iii) Corresponding EDS of image highlights the presence of carbon, oxygen, calcium, and phosphorus.
EDS, energy-dispersive X-ray spectroscopy.
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aggregate’s shape was irregular but appeared spherical at the
smallest units, measuring *5 lm in diameter. EDS analysis
of unmineralized GelMA constructs detected only carbon
and oxygen, whereas constructs incubated in SBF detected
calcium and phosphorus and greater levels of carbon
(Fig. 4B.iii). These data indicate that SBF precipitated min-
eral to be a form of apatite. EDS also detected small con-
centrations of magnesium and sodium, which was expected
given their high concentration in SBF. Previous studies with
SBF indicated that the morphology of the expected precipi-
tates would be small spheroid units that grew off one another
on available hydrogel surfaces.37,38

Characterization of mineralized constructs using FTIR

Cell-mediated mineralized constructs. FTIR spectra of
nonmineralized and mineralized constructs showed clear
differences. Nonmineralized GelMA constructs (10% w/v +
0.25% Ig2959) exhibited the expected amide bands char-
acteristic of gelatin, including N–H stretching at 3425 cm-1

for amide A, C–H stretching at 3063 cm-1 for amide B, C=O
stretching at 1655 cm-1 for amide I, N–H deformation at
1543 cm-1 for amide II, and N–H deformation at 1278 cm-1 for
amide III band.39 After mineralization, new bands associated
withHAwere observed, particularly the peaks characteristic of
PO4 (Fig. 5A). These include bending modes at 603 (v2) and
562 cm-1 (v3) and the antisymmetric stretching vibration at
1055 cm-1 (v1). These peaks are characteristic of the ortho-
phosphate structure expected of HA.40,41 NMR of phosphorus
(31P CPMAS) was also used to observe the differences be-
tween nonmineralized and mineralized constructs (Supple-
mentary Fig. S1). As expected, an unmineralized construct,
without any osteogenic induction, did not show any signifi-
cant traces of phosphorus. The lone peak in the mineralized
cell-laden sample exhibited a small shift calculated to

be -5.24 ppm. This small peak range was expected to de-
scribe the phosphorus in the PO4

3- ion, the primary anionic
building block of HA.42 This further reinforced the presence
of these mineral elements in these stimulated cell-containing
constructs.

Cell-free mineralized constructs. When compared with
the spectra of GelMA coated in SBF-derived apatite, many of
the peaks presented in the same locations, most notably the
bending modes at 603 and 562 cm-1 and the antisymmetric
stretching vibration at 1055 cm-1 for PO4 characteristic of the
same orthophosphates (Fig. 5B). Despite the relatively weaker
signal, a shoulder peak at 880 cm-1 also suggested the presence
of CO3

2-, implying that the minerals generated within con-
structs were carbonated HA as this would exhibit partial sub-
stitution of the phosphate groups with these carbonate groups
in the lattice. The absence of hydroxyl peaks was also noted for
this SBF apatite.

Characterization of mineralized constructs
using Alizarin Red staining

Cell-mediated mineralized constructs. To visualize the
presence of calcium produced by encapsulated Saos-2 cells,
Alizarin Red staining was used on constructs fixed within a
GelMA cast, as described in the Materials and Methods sec-
tion. On day 28, the constructs stained positively for Alizarin
Red stain, confirming that encapsulated cells deposited
calcium-based apatite mineral that was homogenously dis-
tributed throughout the construct thickness (indicated by da-
shes; Fig. 6A, B).

Cell-free mineralized constructs. This was contrasted to
the calcium deposits produced by sample incubation in
2 ·mSBF for 7 and 14 days (Fig. 6C, D). At day 7, the outer

FIG. 4. GelMA apatite mSBF used as mineralized controls. (A) Photographic image of gradually mineralized samples
from continued incubation in SBF for days 1–4 (row 1), days 5–8 (row 2), and days 9, 10, 12, and 14 (row 3, left to right).
By day 7 the GelMA constructs appear to be fully mineralized. Scale bar: 8mm. (B) (i, ii) Representative surface images of
unmineralized GelMA constructs at different magnifications, (iii) EDS map of unmineralized GelMA surface detects carbon
and oxygen. (C) (i, ii) Representative images of GelMA constructs after 14 days incubation in SBF at different magnifi-
cations. (iii) EDS map of mineralized construct surface detects carbon, oxygen, calcium, and phosphorus. mSBF, modified
simulated body fluid.
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edges appear red with color decreasing in intensity as the
center of the construct. Although minor amounts are present
within the bulk, heavier deposition begins occurring after 1
week as the amount of mineral appears to have spread
throughout the whole width of the sample by day 14.

Mineral mass quantification and impedance testing

Cell-mediated mineralized constructs. Micro-CT was
performed to quantify the mass of mineral deposited by en-
capsulated cells within the GelMA matrix. On day 7, miner-
alized mass could not be detected. The three-dimensional (3D)
renders visualized the deposited mineral on days 14, 21, and 28
(Fig. 7A). Mineral mass was measured to be 0.173– 0.125,

0.492– 0.088, and 1.058– 0.296mg for days 14, 21, and 28,
respectively (Fig. 7B). Paired t-tests showed the mineral mass
significantly increased from days 14 to 28 ( p< 0.01).

A custom-made chip was developed to measure the im-
pedance across the cell-laden hydrogel (Fig. 8A). The system
was composed of a DAQ system that measured the voltage
drops between the electrodes at given intervals and tracked
the changes in the effective impedance of hydrogel constructs
over time. Cell-ladenGelMA constructs were transferred to the
chip for impedance testing at the selected time points (days 1,
7, 14, 21, and 28). Impedance values were found to drop across
the testing points, decreasing from 88.26– 11.41 kO on day 1
to 72.77– 23.99 kO on day 7, 62.79– 17.57kO on day 14,
61.57– 13.29kO on day 21, and 37.47– 7.44 kO on day 28

FIG. 5. FTIR spectra of hydrogel samples for body fluid and cell-derived mineral apatite samples. (A) FTIR spectral
overlay of 10% GelMA blocks compared against cell-laden samples osteogenically stimulated for 21 days, (B) spectral
overlay of 10% GelMA blocks and hydrogels incubated in 2 · -mSBF after 5 days. The composition of the mineral was not
expected to change with increasing mineral masses. FTIR, Fourier-transform infrared spectroscopy.
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(Fig. 8B). Paired t-tests results showed a significant drop in
impedance from days 1 to 28 ( p< 0.001).

Cell-free mineralized constructs. Micro-CT analysis was
carried out to quantify the deposition of mineral from pre-
cipitated SBF. 3D renders of the scans show that at day 7, the
precipitated mineral forms a surface coating on the faces of
the gel, while existing primarily as individual aggregates
within the bulk of the structure. This mineral scaffold grows
into the bulk after an additional 7 days of incubation, with
additional deposition occurring along the outer faces of the
construct (Fig. 7C). The amount of mineral was only quan-
tified for 7 and 14 days of incubation and was measured at
0.062 – 0.025 and 0.515– 0.034mg, respectively (Fig. 7D).

Paired t-test results showed a significant increase in mineral
mass from day 0 to day 14 ( p < 0.001).

As deposition was expected to occur quickly over time,
daily time points were used to track increases in sample
conductivity. Control gels hydrated in Millipore water ex-
hibited an impedance of about 570 kO, showing that the
impedance of GelMA could be modified by the incubation in
medium due to the potential deposition of protein and ions.
Conductivity increased for the first 4 days of SBF incuba-
tion, as impedance values dropped to 331.28 – 135.22 and
79.25 – 43.61 kO on days 1 and 7, respectively. At the latter
point, a plateauing of the average measurements was shown
to continue over all subsequent days until day 14 with a value
of 47.21 – 10.05 kO (Fig. 8C). This last value was com-
pared with the impendence of fully mineralized cell-laden

FIG. 6. Alizarin Red staining of mineral-
ized samples. (A) (i) Day 28 cell-laden sam-
ple encapsulated in 10% GelMA (dash line
area). The red stain throughout the sample
indicates the presence of calcium-based apa-
tite mineral throughout the whole thickness of
the hydrogel. Scale bar: 500lm. (ii) Higher
magnification of day 28 sample stained with
Alizarin Red. Scale bar: 200 lm. (B) Alizarin
Red staining of mineralized samples incu-
bated in SBF for 7 and 14 days. Scale bar:
200 lm.

FIG. 7. Comparison of quantified mineral mass and construct impedance as a function of osteogenic induction and
incubation times. (A) 3D rendered models of micro-CT tomographic scans of mineral-laden constructs at days 14, 21, and
28. Spherical aggregates are widespread throughout the gel at day 14, with fused surfaces becoming apparent by day 21. (B)
Quantified mineral masses as function of osteogenic incubation time from days 1 to 28 (n= 3, *p < 0.05, **p < 0.01,
***p< 0.001). (C) 3D rendered models of micro-CT tomographic scans of mineralized samples incubated in SBF at days 7
and 14. (D) Quantified mineral mass as a function of SBF incubation time from days 1, 7, and 14 (n = 3, *p < 0.05,
***p< 0.001).
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constructs, even if the mineral density was determined to be
different (Fig. 8D).

Discussion

Although electrical stimulation has been used for decades
to stimulate bone growth in clinics and for bone tissue en-
gineering applications, the fundamental electrical properties
of bone are not completely understood.22,23,29–31,43–46 Pre-
vious studies have suggested that the collagen (organic
component) provides localized dipoles, whereas the apatite
mineral (inorganic component) provides a path for the con-
duction of charge throughout the tissue.37,47,48 A new study
has also shown that pure HA exhibited a similar flexoelec-
tricity as bone, suggesting bone mineral largely contributes to
the bone electrical property.44 However, contributions of
individual components within bone tissue toward the mea-
sured electrical properties are not known. In our study, for the
first time, we investigated the electrical properties of cell-
mediated mineral deposition process occurring within Gel-
MA hydrogels, and compared our results with cell-free
GelMA samples mineralized through the SBF approach. To
mimic in vivo mineralization of bone tissue that involves the
nucleation and growth of calcium phosphate crystals within
an organic collagen-based matrix, we choose GelMA and

Saos-2 cells to build a model system. GelMA, a denatured
form of collagen, was chosen as model hydrogel due to its
widespread use in the field and due to established synthesis,
fabrication, and material characterization techniques.12,35,36

Saos-2, an osteoblast-like cell line, was chosen as it is a
widely used cell line that deposits mineral within hydrogel
matrix when chemically stimulated, mimicking the process
of mineral deposition occurring in vivo.9,12,35

Bright-field images taken on day 7 showed that the initial
deposition of mineral resulted in the formation of isolated
aggregates that merged and formed a continuous and partially
connected unit with increasing culture durations (days 14, 21,
and 28). This provides an explanation of why mineralized
constructs on day 7 had compressive moduli closer to the day
1 constructs, as isolated mineral deposits randomly within the
GelMA matrix were unable to provide additional resistance
against compressive loading. Only after day 14 was a sig-
nificant increase in modulus observed as the isolated mineral
deposits merged to form a continuous structure. By day 28,
mineralized constructs exhibited modulus values closer to
those found in native osteon matrices (25–40 kPa during
compressive loading).34

The FTIR results show the existence of PO4 group, which
is the unique composition of biological apatite.45 The peaks
at 562/603/1055/3065/3425 cm-1 indicate the deposition of

FIG. 8. Electrical impedance measurement
of mineralized GelMA constructs. (A) Sche-
matic and picture of the impedance testing
setup showing the test circuit, custom-made
green chip, and LabView DAQ interface. (B)
Changes in sample impedance as a function
of total osteogenic stimulation time (n= 6,
**p< 0.01, ***p< 0.001). (C) Changes in
sample impedance as a function of total SBF
incubation time (n= 10, ***p< 0.001). (D)
Tabulated summary of fully mineralized cell-
laden and SBF-incubated samples with com-
parative impedance and mineral mass. DAQ,
data acquisition.
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HA crystals after osteogenic induction that are similar to
those previously reported in synthetic mineralized GelMA
and collagen gels.34,37,49,50 It should be noted that the SBF-
deposited minerals were lacking the hydroxyl group signal
seen in the cell-derived apatite. Because this signal would be
present if the deposited hydroxyapatite was crystalline in
nature, this suggests that the mineral deposited by the SBF is
structurally amorphous.

Based on the electrical impedance and mineral mass data,
it was found that Saos-laden GelMA constructs became more
conductive as mineral mass increased. In addition, the im-
pedance decreases to *40 kO at day 28 that could be at-
tributed to large amounts of mineralization. Our results match
with similar studies in the literature. For instance, four-point
probes were used to measure the impedance across a range of
inner electrode distances, which showed that there exists a
linear relationship between inner electrode distance and the
obtained impedance across a bone sample, both with and
without marrow, with variations existing even between dif-
ferent samples. For inner and outer electrode distances sim-
ilar to the test chip used in our study (inner: 2.1mm; outer:
4.3mm), a corresponding impedance range between 20 and
40 kO would be anticipated if measurements from marrow-
less bone sample were compared with our results. For this
consideration, a value of 3.2mm corresponding to the mid-
point distance between the two parallel electrodes would
result in an impedance of about 29 kO,51 similar to our re-
sults. Other groups have also used custom two-electrode
setups to report impedance values of cortical bone measured
in the kiloOhm range. Impedance values for trabecular bone
were likewise reported in the 10s of kiloOhms range.52 De-
spite the similarities in these values, measurement reported in
the literature varies depending on bone types used and
methodology, with the latter being particularly dependent on
the frequency and probe types used.

In our study, the concentrations of AA2P (100lM), bGP
(5mM), and DEX (10 nM) used in osteogenic medium were
adequate for cell-mediated mineral deposition, while causing
no precipitation in the absence of cells. Control experiments
were performed with Saos-laden GelMA incubated in nor-
mal DMEM without osteogenic medium. After 14 days, an
impedance of 103.57 – 6.69 kO (n = 3) was recorded, sug-
gesting that the observed decrease of impedance in samples
incubated in osteogenic medium was due to the mineral de-
position by the encapsulated Saos-2 cells.

To check whether the drop in impedance was due to some
unique bioelectrical phenomenon occurring during cell-
mediated mineralization or was this simply a materials
property of the inorganic mineral, cell-free GelMA was
mineralized using the SBFmethod. Previously, protein-based
hydrogels were shown to facilitate the deposition of mineral
using the SBF method.53–55 In this method, hydrogel con-
structs are incubated in a solution containing ionic elements
with an equal or similar ion concentration compared with the
blood plasma. By controlling the incubation time, hydrogel
properties, and solution composition, bone-like apatite min-
eral is precipitated within the hydrogel matrix. Researchers
have used the SBF method with collagen and GelMA hy-
drogel to create an in vitro mineralized control.19,37,38,56,57

GelMA possesses negatively charged domains that allow for
easy precipitation of calcium and other divalent cations onto
the surface to initiate the apatite mineral lattice.33,34,58–63

Although SBF-mineralized hydrogels have been increasingly
used to mimic the inorganic component of bone tissue, little
is known about the electrical properties of these mineralized
constructs. In this study, SBF-mediated mineralized GelMA
constructs served as a cell-free control, and the morphology,
modulus, material composition, and electrical impedance
properties were compared with constructs mineralized by the
Saos-2-mediated deposition processes. Since SBF-mediated
mineralized constructs also show a drop in impedance
(Supplementary Fig. S2), the electrical property is most
likely a purely materials property rather than a bioelectric
phenomenon associated with cell-mediated osteogenesis.
These results should be carefully interpreted to account for
the differences in the chemical composition of the mineral
formed by cells against that which is deposited during SBF
incubation.

The aim of this study was to establish a model system to
investigate whether mineralization results in any changes in
the electrical properties of the construct using a cell-mediated
(Saos-2 laden GelMA; Supplementary Fig. S3) and cell-free
approach (SBF-precipitated GelMA). We acknowledge that
the reported results only apply to this specific combination of
biomaterial, cell type, and incubation conditions. This model
system can be further extended to relevant cell types, such as
human mesenchymal stem cells as well as collagen type 1
matrix, to confirm that this reported result of ‘‘mineral de-
position decreases electrical impedance’’ holds true across
cell and matrix types. In addition, this model system can be
extended to study whether external electrical stimulation
could influence the mineral deposition process in cell-
mediated and cell-free SBF-precipitated systems.

Conclusion

The goal of this study was to measure the electrical
properties of mineral generated by cell-mediated deposition
and cell-free precipitation through the SBF method. Our re-
sults show a decrease in the electrical impedance of deposited
mineral in both cases, suggesting that cell-mediated pro-
cesses do not play a role in the measured property, but this
electrical property is a fundamental materials property of the
inorganic mineral component. Additional experiment with
relevant cell types and extracellular matrix should be con-
ducted to confirm this result.
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