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1. Introduction

Biomineralization is a process used by
many organisms to integrate a mineral
entity in an organic setting.[1] The deposi-
tion of calcium phosphate (CaP) on a col-
lagenous matrix to form bone, which acts
both as a remarkably strong supporting
structure for other tissues and organs
and as a reservoir for physiologically impor-
tant ions, takes place under physiological
conditions, and is sufficiently
controlled that the skeleton maintains its
integrity while ectopic mineralization is
avoided.[2] Once formed, bone mineral is
in a constant state of turnover. In healthy
adult humans, �10% of bone mineral by
mass is replaced each year, with resorption
of existing bone mineral and deposition of
new mineral in a fine balance to maintain

constant bone mass.[3,4] The process of biomineralization is also
used as an inspiration for the design of synthetic bone graft sub-
stitutes used for regeneration of large bone defects.[5] The poten-
tial of such biomaterials to aid in bone regeneration is often
characterized in terms of their bone bioactivity, which can be cor-
related with the ability of apatite to form on their surface in a
supersaturated CaP solution such as simulated body fluid
(SBF).[6] For these reasons, a wide range of in vitro and ex vivo
methods, on a variety of scales including microfluidic chips, have
been developed to model the process of mineralization both in
bone and in other hard tissues such as teeth and shells.[7]

Currently, most of the methods available to study (bio)miner-
alization involve end-point assays, often coupled to microscopic
imaging. Mineralization can be measured by optical microscopy
either by using a staining-based assay such as alizarin red[8] or by
without staining using stereomicroscopy.[9] Cryoelectron
microscopy has also been used to study the initial stages of bone
mineralization.[10] In contrast to these end-point methods, in situ
liquid-phase transmission electronmicroscopy[11] and quartz crys-
tal microbalance[12] or surface acoustic wave[13] sensors have been
used to study mineralization in real time, but have disadvantages
including complexity and the need for expensive equipment.

Electrochemical impedance spectroscopy (EIS) is an
established technique to investigate the electrical properties of
materials.[14] An EIS measurement involves measuring the com-
plex impedance at a range of frequencies. The data obtained can
be displayed in a variety of ways, including a Nyquist plot (real
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Deposition of minerals, particularly calcium phosphates such as hydroxyapatite,
is an important process in the formation of hard tissues such as bone. Herein, a
new, affordable, straightforward and nondestructive method based on complex
capacitance spectroscopy, an application of electrochemical impedance spec-
troscopy, is described which allows repeated and real-time measurements of the
same sample throughout the calcium phosphate deposition process. In contrast
with end-point assays which require large numbers of samples to obtain useful
time-course data, this method allows the kinetics of deposition to be measured
using a single sample by measuring the impedance of a pair of interdigitated
electrodes at a range of frequencies as the layer of mineral is deposited. Changes
in the complex capacitance curve over time with deposition can be compared
with images of the coating deposited on model substrates, and show different
behavior depending on the composition of the coating and the conditions of
deposition.
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against imaginary impedance) or a Bode plot (magnitude and
phase of impedance against frequency).[15] EIS has a wide range
of applications outside biology and biomedicine, for example,
monitoring the integrity of paint[16] or the deposition (scaling)
of minerals on metal surfaces in industrial water systems.[17]

Within biology, EIS is gaining popularity as a label-free real-time
sensing technique, particularly for monitoring of epithelial barrier
tissues.[18] Cell growth,[19] cell death,[20] and the changing proper-
ties of layers of cells as they differentiate, for instance, toward an
osteogenic lineage,[21,22] have also been monitored using EIS.

The field of tissue engineering and regenerative medicine is a
particularly interesting application for EIS, which could be used
both to evaluate candidate biomaterials while reducing the use of
animal models[23] and to evaluate the progress of regeneration.
EIS-based methods have been used to follow the rate of implant
osseointegration and fracture healing in vivo in animal mod-
els.[24] Fracture healing has been monitored using both external
electrodes[25] and microelectrodes surgically implanted as part of
bone plates at the fracture site.[26]

However, the translation of EIS studies of bone formation
in vivo to the microfluidic environment, with its attendant advan-
tages in terms of reduced reagent volume and the potential for
high-throughput and automated studies,[27] remains relatively
limited, in part because “bone on chip” models are a relatively
immature field in comparison with microfluidic models of other
tissues and organs.[28]

Investigations of the deposition of mineral on chip under biomi-
metic conditions using impedance have so far been limited tomeas-
urements at a single frequency and a single timepoint.[29] These
measurements do not take full advantage of the benefits of EIS,
both in terms of the potential to perform automated time-series
measurements due to the noninvasive nature of the technique
and in terms of the amount of information that can be obtained
from a single measurement by performing a frequency sweep.

The data obtained from an EIS measurement can be inter-
preted in a number of ways. In most studies in the literature,
only resistive behavior is visualized by analyzing changes in
the real part or the modulus of the complex impedance.
While changes in the phase of the complex impedance are also
sometimes analyzed, this analysis is often relatively limited and
qualitative. Next, equivalent circuit modeling is also used in
which the material and/or interface under investigation is mod-
eled as a set of electrical components such as resistances, capaci-
tances, and impedances.[30] An alternative method of interest for
the investigation of dielectric layers is capacitance spectroscopy,
in which the complex impedance as a function of frequency
Z*(ω) is converted into a complex capacitance C*(ω), itself a
function of frequency, by C*(ω)¼ 1/jωZ*(ω).[31] This method
is particularly useful for the investigation of insulating coatings
such as biologically relevant mineral layers, in which the coating
acts as the dielectric of a capacitor.[32]

In this study, two different supersaturated CaP solutions—
solution A, based on the composition of SBF but with increased
concentration, which is known to deposit amorphous CaP (ACP)
at physiological temperatures, and solution B, a similar solution
with a higher concentration of CaP and a lower concentration of
crystallization inhibitors, which deposits a biomimetic crystalline
hydroxyapatite (HAP)—were used to deposit CaP on interdigi-
tated electrodes (IDEs) over a timescale of 3 days at two different

temperatures. During deposition, the complex impedance of the
electrodes was measured automatically at regular intervals.
Model substrates consisting of the same materials as the
IDEs, namely, gold and polyethylene terephthalate (PET), were
also coated under the same conditions. The mineral coatings
on these model substrates were characterized by confocal laser
scanning profilometry, scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy, and X-ray dif-
fraction (XRD). An increase in the complex capacitance over time
as the coating formed was observed, and different kinetic behav-
ior was exhibited both by different coating solutions and by the
same solutions at different temperatures.

2. Results and Discussion

2.1. Phase Identification

CaP was deposited on IDEs in a well plate using two different
solutions and at two different temperatures. To identify the com-
position of the deposited CaP layers, XRD patterns and FTIR
spectra of the formed coatings after 72 h of deposition were col-
lected (see Figure 1 and 2, Supporting Information). The results
confirmed that two different forms of CaP were deposited,
namely, an ACP and a crystalline HAP. Coating deposition using
solution A at 37 �C gave the expected broad peak for an ACP
phase with small peaks corresponding to brushite and beta
calcium pyrophosphate. Deposition at 50 �C with both coating
solutions gave an HA layer, though the coating deposited using
solution A, which yielded ACP at 37 �C, appeared to be signifi-
cantly less crystalline. For the material deposited using solution
B, an increased crystallinity and crystallite size was determined
for the samples deposited at 50 �C compared with those depos-
ited at 37 �C (see Table S1, Supporting Information), which is in
accordance with previous studies describing a steady increase in
crystallite size with temperature.[33] FTIR spectra of coatings
deposited from both solutions at both temperatures showed
peaks corresponding to phosphate and carbonate groups (see
Table S2, Supporting Information). Due to the relatively small
amount of CaP deposited by solution A, the FTIR spectra of coat-
ings formed with this solution also showed peaks corresponding
to contamination by PET from the substrate which was scraped
off for analysis along with the coating.

In addition to these measurements of the phase and crystal-
linity of the deposited material, electron microscopy and laser
profilometry were used to give an indication of the morphology
and homogeneity of the coating.

2.2. Coating Morphology

Figure 1 shows the SEM images of the coatings deposited under
different conditions. Images were captured after 24 and 65 h of
deposition as shown in the figure. These images show a clear
difference between the layers deposited using the two solutions.
The coating deposited using solution A at 37 �C appeared thin
and amorphous after 24 h. Moreover, the surface was not homo-
geneously covered by the coating. After 65 h, the coating was
thicker, contained some globular, semicrystalline deposits as well
as amorphous material, and covered the surface more
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homogeneously. At 50 �C, an amorphous layer and some poorly
crystalline deposits were observed after 24 h, while after 65 h the
nodules of these poorly crystalline deposits appeared larger. In
contrast, the coatings deposited from solution B exhibited a glob-
ular crystalline structure, irrespective of the temperature. The
coating deposited at 50 �C fully covered the surface after 24 h,
while the coating deposited at 37 �C was less homogeneous.
After 65 h, the homogeneity of the coatings deposited at both
temperatures was high. These findings with respect to the mor-
phology and homogeneity of the CaP coatings were supported by
confocal laser scanning profilometry images (see Figure S3,
Supporting Information).

2.3. EIS

Electrical properties of CaP layers are highly influenced by the
hydroxide (OH�) ions that are oriented along the c-axis at the
center of the HA crystal lattice. In addition, it has been
highlighted that the surface of HA is ionic in nature, which binds
polar molecules such as water.[34] These water molecules give
rise to proton-mediated conduction at low temperatures.

Therefore, in this article we choose to use EIS to monitor the
change in the electrical properties of the CaP layer as it forms and
becomes thicker. The impedance spectra were measured during
the deposition of the CaP coatings under different conditions,

Figure 1. SEM images of the coatings deposited by the two different solutions at 37 and 50 �C after 24 and 65 h. [Scalebar¼ 10 μm].

Figure 2. Complex capacitance Nyquist plots of the CaP coatings deposited using both solutions at 24 and 65 h.
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and complex capacitance Nyquist plots were created (Figure 2)
for the coatings deposited by both solutions after 24 and 65 h
of deposition.

The plots indicate a clear difference in the complex capaci-
tance of the HAP layer deposited using solution B at both 37
and 50 �C, after both 24 and 65 h, compared with the control elec-
trodes without deposition. The difference between the control
electrodes and the layer deposited using solution A is only visible
for deposition at 50 �C, where this solution also deposited a semi-
crystalline HAP layer. As the HAP layers are deposited over time,
a thicker layer is formed, resulting in a further increase in the
complex capacitance. The Nyquist complex capacitance plots
show two circles: a smaller semicircle, corresponding to ohmic
behavior at high frequency which remains constant over time
and a larger semicircle corresponding to faradaic behavior at
low frequency whose size increases over time.

As is described in greater detail in Section 4, this increase in the
size of the second, low-frequency semicircle is directly related to
an increasing double-layer capacitance. The increase in double-
layer capacitance was less pronounced for deposition at 37 �C.
The behavior of the complex capacitance plots correlates with
the SEM images above where a fully formed layer of HA can
be seen on the samples coated using solution B, while in solution
A at 50 �C only some semicrystalline deposits were observed.

From the presence of the two semicircles in the complex
capacitance spectra shown in Figure 2, it can be seen that two
time constants are present at all conditions. These can be divided
into two distinct frequency regions: first, the time constant in the
high-frequency region, which remains constant and arises from
the uncompensated ohmic resistance due to the electrolytic solu-
tion and the impedance characteristics resulting from the pene-
tration of the electrolyte into the interstices between the globular
CaP deposits, and second, the time constant in the low-frequency

region, which varies with deposition and arises from processes
taking place at the substrate–electrolyte interface.[35] Such behav-
ior is typical for a metallic material covered by a porous film
which is exposed to an electrolytic environment.[36]

Changes due to the formation of the CaP layer can therefore
be observed in this second, low-frequency semicircle of the
complex capacitance plot. These changes at the lower frequency
range are also visible in the complex capacitance Bode plots
which were plotted for the CaP layer deposited by solution B
in Figure 3.

More specifically, the change in C 00 with frequency in Figure 3
shows a clear change in the relaxation frequency, fp, at which
the maximum value of C 00 is observed as the layer is formed.
This frequency provides the dielectric relaxation time constant
(τ0 ¼ 1=f p) for the whole system.[37] Nearly half of the low-
frequency capacitance for the whole system is attained at τ0. It
can be seen that this relaxation frequency shifts to the right over
time as the layer is formed. This higher fp value and thus decreas-
ing relaxation time constant are probably due to a decrease in the
pseudocapacitance. This pseudocapacitance is the manifestation
of redox effects happening at the CaP interface. A thicker layer of
CaP acts as the blocking contact, which prevents charge-transfer
reactions in a physiological solution.[31,38]

The imaginary part of the complex capacitance also increases
over time. As the peak area relates to the total capacitance and Cdl

increases as the layer grows, the total capacitance will increase,
resulting in an increase in C 00. The increase in Cdl can be attrib-
uted to the increase in surface area due to deeper pores.[35]

This figure also shows a clear change in the real part of the com-
plex capacitance during the deposition at both 37 and 50 �C.
To investigate the dynamics of the deposition process, the real
part of the complex capacitance, C 0, in the lower frequency
regime can be plotted over time.

Figure 3. Complex capacitance Bode diagrams of the CaP coatings deposited using solution B.
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In Figure 4, this dynamic behavior of the growth process is
clearly visible. Compared with the reference electrode without
coating, signals from the electrodes coated using solution B at
both 37 and 50 �C increase over time. The increase in C 0 for
the electrodes coated at 37 �C is less pronounced than that for
the electrodes coated at 50 �C. A steep increase in C 0 can be
observed for the first 3 h of deposition using solution B at
50 �C. This steep increase compared with the latter parts of
the growth process is less pronounced for the measurements
performed at 37 �C. The change in the real part of the complex
capacitance, C 0, for the layers deposited using solution A is far
less pronounced. An increase in C 0 is only observed at 50 �C.

The value of the real part of the capacitance at these low fre-
quencies is a measure of capacitance stored in the system. For
porous layers such as these, it is an indication of the amount of
electrolyte ions which can access the pores deep inside the mate-
rial. For the complete HAP layers deposited by solution B at
50 �C, the porosity appeared to be higher, resulting in a higher
absolute real part of the capacitance value.[39] These findings are
also visualized in the frequency spectra of Figure 3, in which the
layers deposited using solution B exhibit a noticeable increase in
their real capacitance at lower frequencies, which can be
explained by electrolyte ions penetrating the pores of the depos-
ited layers. At higher frequencies, the electrolyte ions can only
access the surface of the porous material, due to the time
required for them to migrate into the pores.[40,41] Therefore,
the capacitance at these frequencies is mainly related to the elec-
trolyte concentration in the bulk liquid. These differences in
capacitance are not present for the layers deposited using solu-
tion A, where there is no clear porous layer present.

3. Conclusion

In this article, the deposition of CaP using two different biomi-
metic solutions at two different temperatures was analyzed. The
study showed that solution B deposited a crystalline HAP layer at
both temperatures, while solution A led to the deposition of a
predominantly amorphous layer, with some semicrystalline
deposits when the deposition was performed at 50 �C. The

SEM studies showed that the HA layer deposited by solution
B was homogeneous and consisted of globular crystalline depos-
its, while the layer deposited by solution A was less homoge-
neous and consisted largely of amorphous material. These
findings, which are in agreement with literature, were confirmed
by laser profilometry, FTIR spectroscopy, and XRD.

To monitor the deposition in real time, the complex capaci-
tance parameters were monitored. This electrochemical analysis
revealed that several physical parameters were influenced by the
different deposition conditions. The Nyquist and Bode plots of
complex capacitance show that the largest influence of the
insulating CaP layers occurred in the lower frequency regime.
The physical parameters of the porous layers which were formed
under different conditions influenced the interaction of the ions
with the electrodes. The specific interaction of the ions with the
HA layer deposited from solution B was obvious from the
changes in the imaginary part of the complex capacitance.
The changes in the real part of the complex capacitance showed
that this value is significantly influenced by the amount of ions in
the porous layer, which increases with the thickness of the layer,
resulting in the ideal parameter to investigate the dynamic behav-
ior of deposition.

The method presented in this proof of concept study will
allow the deposition process of mineral layers to be more closely
monitored as a function of time. The deposition of mineral layers
on biologically relevant substrates, or in the presence of cells,
could be studied in future using this technique. This is of great
interest in the research field of biomineralization as well as regen-
erative medicine, where the physical and chemical interaction of
adherent cells with CaP layers can be studied using this same
analysis technique. Currently, this method is limited to the study
of mineralization on flat 2D substrates, which do not resemble
the microenvironment of biomineralization in vivo. This differ-
ence is of particular importance given the role of substrate
microstructure in biomineralization and osteoinduction.[42]

In future, 3D or microstructured substrates could be fabricated
containing interdigitated micro- or nanoelectrodes to investigate
the effect of local microstructure differences on the kinetics of
CaP deposition.

Figure 4. Change in real part of complex capacitance C 0 at a frequency of 1 Hz over time.
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4. Experimental Section

Unless otherwise stated, all chemicals were obtained from commercial
suppliers in reagent or higher grade and used as received without further
purification.

Calcium Phosphate Deposition: Coatings were deposited on the electro-
des using a biomimetic precipitation method as previously described in
the literature. Solution A, which deposits an ACP layer at 37 �C, was similar
to Kokubo’s SBF[43] but 2.5� more concentrated.[44] Solution B, which
deposits a layer of HAP at 37 �C, was similar to solution A but with double
the concentration of calcium and phosphate, no Tris buffer, and with a
lower concentration of Mg2þ which inhibits crystal growth.[45] In all cases,
the electrodes were rinsed with milliQ water to remove dust before 200 μL
of the relevant coating solution was dispensed into each well of the well
plate, and the plate incubated at either 37 or 50 �C while measuring the
changes in electrical impedance as described earlier. Two wells were filled
with Tris-buffered saline (50 mM Tris pH 7.4, 150mMNaCl) as controls to
compensate for any drift in the sensor readings during incubation.

To validate that the observed changes in impedance were due to
the deposition of the coating and not to depletion of ions from the
solution, a well was filled with Tris-buffered saline and the impedance
spectrum measured before coating. The well was then rinsed with water
and coated with CaP using solution A at 37 �C as described earlier, before
the coating solution was removed and the well rinsed, refilled with
Tris-buffered saline, and the impedance spectrum measured again. The
same procedure was followed with a control well that was incubated in
Tris-buffered saline during the coating period, which was replaced with
fresh solution before the second measurement. As the solution in the well
was identical before and after coating, the observed changes in the imped-
ance were due to the presence of the coating (see Figure S4, Supporting
Information).

Model Substrates: To characterize the coatings without expending IDEs,
small token-type substrates were produced that replicated the e-Plate
structure of gold electrodes on PET. Approximately 1� 1 cm (for SEM
and profilometry) or 4� 4 cm (for XRD and FTIR) pieces of PET
(Goodfellow, Hamburg, Germany; 500 μm thickness) were cut out and
partially coated with gold (SC7620 sputter coater, Quorum
Technologies, Laughton, UK; 15 s, 18mA) using Scotch tape to mask
off areas of bare PET. These model substrates were rinsed with milliQ
water before being placed in Petri dishes and coated using the same pre-
cipitation process as the electrodes. The model substrates were used for
all measurements other than EIS.

Characterization of Model Substrates: Coated substrates were imaged
using a VK-X200 confocal laser scanning microscope (Keyence, Osaka,
Japan) in surface profile mode. Substrates were also sputter-coated with
gold and imaged using an XL-30 field emission scanning electron micro-
scope (FEI, Eindhoven, The Netherlands) using 45� tilted stubs. To identify
the chemical phase, the coating was manually removed from the substrate
and characterized using FTIR spectroscopy and powder XRD. Attenuated
total reflection (ATR) FTIR analysis was performed using a Nicolet iS50
spectrometer (Thermo, Breda, The Netherlands), running 32 scans
between 400 and 4000 cm�1 with a resolution of 0.5 cm�1. Material
scraped off an uncoated substrate was used to collect a “blank” spectrum.
Spectra were evaluated using version 1.2.10 of Spectragryph.[46] X-ray dif-
fractograms were collected using a D2 Phaser diffractometer (Bruker,
Leiderdorp, The Netherlands). Cu Kα radiation (λ¼ 1.5406 Å) was
used. Samples were scanned in the range of 6� ≤2θ≤ 60� in increments
of 0.02� with an integration time of 0.75 s. Diffraction data were analyzed
using Profex.[47]

EIS: EIS measurements were performed using a PalmSens 4 electro-
chemical interface (PalmSens BV, Houten, The Netherlands), controlled
by PSTrace 5.7 software. The impedance spectra were measured over a
frequency range from 1Hz to 100 kHz at ten frequencies per decade, with
an AC voltage of 0.01 V and a current range of 1 nA to 10mA. The total
duration of the measurements was 72 h, with impedance spectra being
measured automatically every 30 min. Using the MUX8-R2 multiplexer
(PalmSens), changes in the impedance of up to eight different electrode
pairs could be followed simultaneously. In this work, commercially avail-
able well plates (e-Plate 16 PET, Agilent, San Diego, CA, USA) designed for
the xCELLigence Real-Time Cell Analyzer were used for the impedance
measurements. These well plates each contain 16 wells with the same
dimensions as those of a standard 96-well microtiter plate. The bottoms
of these wells consist of PET on which interdigitated gold microelectrodes,
covering �70–80% of the surface, are printed. The well plates were con-
nected to the PalmSens electrochemical interface by means of a custom-
fabricated printed circuit board (PCB) connector (see Figure 5).

Data Analysis: Plots of complex electrochemical impedance Z and com-
plex capacitance C were utilized to support the frequency domain analysis
of the electric double-layer capacitance of the calcium phosphate layer.[48]

In this work, the complex capacitances were calculated using a transmis-
sion line model (TLM)[32] to model the electrochemical response of porous
electrodes.[39] Using the real and imaginary parts, Z 0 and Z 00, respectively,
from the complex impedance data, the complex capacitance was calcu-
lated using the following equation

Figure 5. Schematic overview of the measurement setup. A PalmSens 4 electrochemical interface is connected to commercially available well plates to
perform the measurements.
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C0 ¼ � Z 00

ωðZ02 þ Z 002Þ C 00 ¼ � Z0

ωðZ02 þ Z 002Þ (1)

In this case, the calculated complex capacitances represent the electric
equivalent model of a series circuit of Rsol and Cdl. The resistance of the
solution is represented by Rsol, while Cdl represents the capacitance double
layer caused by the dielectric properties of the CaP film. The complex
capacitance Nyquist plots describe the locus of a semicircle in the complex
plane when plotting C 0 against C 00, as shown in Figure 6.

Figure 6a represents the presence of one capacitive behavior, where the
locus converges at the origin and Cdl in high and low frequency ranges,
respectively. The time constant of the dielectric relaxation RsolCdl can be
obtained from the frequency f0 where the imaginary part of the complex
capacitance reaches its maximum value[35]

RsolCdl ¼
1

2πf 0
(2)

Furthermore, the low-frequency limiting value of the capacitance is as
follows

C0
ω!0 ¼ Cdl

C
00
ω!0 ¼ 0

(3)

When there are two capacitive behaviors present, the complex capaci-
tance Nyquist plots will indicate two semicircles overlapping with each
other, as shown in Figure 6b. The plots are thus used to analyze the
presence of the capacitive behavior due to the CaP film. Next, to plot
the capacitive behavior over time a frequency was chosen representing the
Cdl of the CaP film. This results in time-based graphs of the CaP growth.

Figure 7a shows the variation of the real part of the capacitance with
respect to frequency. The variation of the capacitance as a function of
the frequency represents the electrolyte ion penetration inside the pores
of the material. At lower frequencies, the electrolyte ions migrate deep

into the pores of the material and thus C 0 increases. However, at high
frequencies, the electrolyte ions can only access the surface of the porous
material and hence C 0 decreases. At very high frequencies, the material
behaves like a resistor and C 0 becomes independent of the frequency.
Figure 7b shows the change in imaginary part of the complex capacitance
with frequency. The imaginary capacitance attains a maximum at a fre-
quency f0. The inverse of this frequency provides the dielectric relaxation
time constant (τ0) for the whole system. The evolution of τ0 can also pro-
vide information about the growth properties of the CaP films. All data
were analyzed, and the plots were generated, using an in-house EIS analy-
sis platform.
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Figure 6. Schematic representation of the semicircles formed by the Nyquist plot of complex capacitance during growth of a CaP layer.

Figure 7. a) Real part of complex capacitance C 0 versus frequency and b) imaginary part of complex capacitance C 00 versus frequency.
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