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Calcific aortic valve disease (CAVD) is a major car-
diovascular disorder caused by osteogenic differ-
entiation of valvular interstitial cells (VICs) within aort-
ic valves. Conventional methods like colorimetric assays
and histology fail to detect small calcium depositions
during in-vitro VIC cultures. Laser-induced breakdown
spectroscopy (LIBS) is a robust analytical tool used for
inorganic materials characterizations, but relatively new
to biomedical applications. We employ LIBS, for the
first time, for quantitative in-vitro detection of calcium
depositions in VICs at various osteogenic differentiation
stages. VICs isolated from porcine aortic valves were
cultured in osteogenic media over various days. Colori-
metric calcium assays based on arsenazo dye and Von
Kossa staining measured the calcium depositions within
VICs. Simultaneously, LIBS signatures for Ca I
(422.67 nm) atomic emission lines were collected for es-
timating calcium depositions in lyophilized VIC sam-
ples. Our results indicate excellent linear correlation be-
tween the calcium assay and our LIBS measurements.
Furthermore, unlike the assay results, the LIBS results
could resolve calcium signals from cell samples with as
early as 2 days of osteogenic culture. Quantitatively, the

LIBS measurements establish the limit of detection for
calcium content in VICs to be ~0.17!0.04 mg which in-
dicates a 5-fold improvement over calcium assay.
Picture: Quantitative LIBS enables in-vitro analysis for
early stage detection of calcium deposition within aortic
valvular interstitial cells (VICs).
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1. Introduction

Calcific aortic valve disease (CAVD) is a common
cardiovascular disorder affecting 25 % of the elderly
population over the age of 65 and at severe stages,
4 % over the age of 80 [1,2]. Early detection of
CAVD is elusive and late detection of CAVD leaves
the patients with the only viable treatment of aortic
valve transplant surgery [3, 4]. Early stage CAVD is
associated with calcium (Ca) accumulation in aortic
valves that can lead to stenotic aortic valves wherein
extracellular matrix (ECM) decomposition and tis-
sue stiffening occurs along with large nodule for-
mation within the aortic valve cusps [5]. CAVD is an
active cell-mediated condition, where the inhabitant
valvular interstitial cells (VICs) differentiate into os-
teoblast-like cells and exhibit bone-like character-
istics, such as calcific nodule formation [6,7], hy-
droxyapatite deposition [2,8] and osteogenic marker
expressions [9–11].

Typically computer tomography (CT) and echo-
cardiography are used as the dominant tools for
clinical diagnosis of CAVD in patients [12–14]. For
direct evaluation of aortic valve calcification for re-
search purposes, various techniques have been de-
veloped to measure the calcium deposition in VICs
or valve tissue sections on a laboratory platform.
The most common techniques include Von Kossa
staining [6,15], Alizarin Red staining [15], Raman
spectroscopy, scanning electron microscopy (SEM)
[16], transmission electron microscopy (TEM) [16],
atomic absorption spectroscopy [17], arsenazo III
calcium assay [15], and o-cresolphthalein complex-
one calcium assay [18] measurements. However, till
date, these in-vitro methods have not been able to
demonstrate the limits of detection (LOD) needed
to quantify calcium depositions in significantly low
amounts during the early onset of calcification in
aortic valves. Calcium quantification through histol-
ogy is time-consuming and lacks accuracy due to
false positive stained regions in image analysis. The
spectroscopy methods used for calcium detection in
calcified aortic valve tissues, including near-infrared
(NIR) Raman [19], Fourier transform infrared
(FTIR) [20] and atomic absorption [21] are all sensi-
tive quantification techniques for calcium. However,
NIR Raman can be prone to false positive results
due to the heterogeneity of human tissue and high
dependency on chemical band positions. On the oth-
er hand, FTIR is typically unable to quantify cal-
cium contents within the aortic valves. Additionally,
atomic absorption spectroscopy is limited to tissue
sections and is an expensive technique [22]. Thus,
there exists a critical need for robust in-vitro ana-
lytical techniques that can achieve rapid and highly
accurate detection of extremely small calcium depo-

sitions in VICs with minimal sample preparation
steps. In turn, such analytical advancements can ex-
pedite biomedical research in diagnosing the elusive
origins of enhanced CAVD.

Laser Induced Breakdown Spectroscopy (LIBS)
is a relatively non-destructive spectrochemical char-
acterization technique, which can address the afore-
mentioned issues in a facile, yet effective manner.
Typically, LIBS involves the collection and process-
ing of optical emissions emanating from a high-irra-
diance pulsed laser tightly focused to generate a
high temperature, high pressure micro-plasma con-
taining the analyte of interest [23]. These emissions
(ionic, atomic and molecular), collected as spectral
signatures, can reveal the constituents and proper-
ties of the plasma and hence, the sample. The rela-
tively simple set-up and minimal sample prepara-
tions for LIBS have drawn the attention of
analytical researchers in recent years [24]. Addition-
ally, the fast and easy operation, and data collection
make LIBS ideal for in-situ applications [25].

In the past, LIBS has found a vast amount of ap-
plications in diverse spectral, and elemental studies
ranging from combustion [26–28], and environ-
mental/bio-hazard analysis [29–33], to forensics[34],
explosives detection [35–37], pharmaceutical [38, 39]
and biomedical [40, 41] applications. Specifically, our
recent application of calibration-free quantitative
LIBS towards metal nanoparticles, carbonaceous
aerosols and nanoalloy characterizations has estab-
lished the technique at the forefront of elemental
analysis in complex matrices [25, 31,42]. In bio-
logical applications of LIBS, Hybl [43] showed the
capability of LIBS as a bioaerosol classifier to dis-
tinguish different classes of biological agents using
Principal Component Analysis (PCA). Kumar [40]
introduced LIBS as an automated, real-time techni-
que for cancer diagnosis based on the differences in
the trace element concentrations in normal and ma-
lignant cells. A recent study has also used LIBS sig-
natures resulting from tissue ablation to distinguish
porcine gland from nerve tissues in order to create a
feedback control mechanism during real-time laser
surgery [44]. In regards to the application of quanti-
tative LIBS for biological and biomedical studies,
Samek [45] resorted to tissue-equivalent synthetic
pellets of CaCO3 as the external reference matrix to
establish standard calibration curves for quantitative
analysis of toxic elements in calcified hard tissue
samples. The complexity of laser-sample interactions
has mostly restricted the LIBS applications for calci-
fied biological samples to quantitative elemental
analysis of hard calcified tissues such as teeth, and
bones [45,46]. To this end, the commonly employed
technique of lyophilization could possibly provide a
solution for removing the moisture from the soft tis-
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sue samples without altering the biological struc-
tures. But, to the best of our knowledge, no report
exists on the use of LIBS to quantify calcifications in
lyophilized VICs without any external calibration
standard.

In this study, we establish LIBS for the first time
as a quantitative analytical technique for in-vitro
analysis of calcium depositions in VICs subjected to
osteogenic culture over 2 to 21 days. The appearance
of calcium deposits within the matrix is a sign of os-
teoblastic shift in valvular cells. Early diagnosis of
CAVD demands fundamental research that can en-
able laboratory-based rapid screening and analyses
of early calcification in VICs to understand the ini-
tiation and origin of the disease. For that, VICs be-
havior should be studied over time from normal to
calcified conditions. Our goal was to identify the
earliest time that the cultured VICs start to show
any calcium depositions. Specifically, we investigate
the evolution of the calcium atomic emissions for Ca
I (422.67 nm) from LIBS measurements on the
aforesaid VIC samples. Our results for the spectral
signatures of Ca will be compared and correlated to
calcium assays to demonstrate the efficacy of LIBS
in quantifying the amount of calcium depositions in
VICs. The LODs for both methods will be com-
pared to establish the high-resolution capabilities of
LIBS over the assays in detecting early-stage calcifi-
cation in aortic valve cells.

2. Materials and methods

2.1 VIC isolation and culture

VICs were isolated from porcine aortic valve cusps
(Wampler’s Farm Sausage, Inc., Lenoir City, TN) by
collagenase II digestion, as previously described [6],
and cultured in growth media (DMEM, 10 % FBS,
1 % L-glutamine, and 1 % Penicillin/Streptomycin)
at 37 oC and 5 % CO2 until four passages.

Unless otherwise specified, the VICs were seed-
ed at a density of 250,000 cells/well into 6-well
plates. To stimulate calcification on VICs, osteogenic
media consisting of 2.18 g/L beta-glycerophosphate,
50 mg/L L-ascorbic acid 2-phosphate and 1 mM dex-
amethasone (all purchased from Sigma, St. Louis,
MO) in regular media was added to the ex-
perimental samples. Control samples were cultured
in regular media under similar condition. The media
was changed every 2 days. Experiments were per-
formed after 2, 4, 7, 10, 14 and 21 days of VIC cul-
ture in osteogenic media.

2.2 Lyophilization

VIC samples were freeze-dried prior to being used
for LIBS quantification. At each time-point, the
VIC monolayer was washed with phosphate-buf-
fered saline (PBS). Then, the cells were removed
from the well surface by scraping and transferred to
silicon wafer substrates (rectangular, ~1 3 1 cm2).
Subsequently, the VICs were frozen at "20 oC for at
least 8 hours and then lyophilized overnight.

2.3 DNA content measurement

A fluorescence DNA assay was used to measure the
cell density of the VIC samples [6,47]. The VICs
were scraped and digested in Proteinase-K solution
(1 mg/mL) (Sigma). Then, the cell lysates were in-
cubated in a water bath for 90 minutes at a temper-
ature between 60–70 oC and then heated at >70 oC
for 30 minutes to denature the Proteinase-K.
Hoechst 33258 dye (Sigma) was used to tag the re-
leased DNA and fluorescence emission was meas-
ured using a BioTek H1 plate reader at 458 nm. Calf
thymus DNA standards (Sigma) were used in each
assay to calculate DNA density.

2.4 Calcium assay

A colorimetric calcium assay based on arsenazo dye
was used to measure the calcium content of the os-
teogenic VICs [6]. First, VICs were homogenized in
1N acetic acid, then arsenazo dye was added to the
samples. The calcium content was measured against
calcium standard (Ricca chemical, Arlington, TX).
Samples absorbance was detected at 650 nm using a
BioTek H1 plate reader. The calcium content was
normalized to total DNA content.

2.5 Von Kossa staining

Von Kossa staining was used to determine the
amount of calcium deposition [6]. The VICs in each
well were fixed in 10 % formalin (Fisher Scientific,
Fair Lawn, NJ). After washing with distilled water
for 3 times, a silver nitrate (Ricca Chemical Co., Ar-
lington, TX) solution (3 %) was added to the fixed
VICs. Then the samples were incubated and ex-
posed to UV until the calcium salts turned dark
brown or black. The undissolved salts were removed
using a 5 % sodium thiosulfate (Sigma) solution and
dehydrated with Flex before imaging. 10X images of
the calcific depositions were obtained with a bright
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field microscope (Motic Inc., BC, Canada), and Im-
ageJ software (NIH) was used for image analysis.

2.6 LIBS setup and measurement

The LIBS experimental set-up is illustrated in Fig-
ure 1. A Q-switched Nd-YAG pulsed laser with a
nominal wavelength of 1064 nm operating at 200 mJ/
pulse, and a pulse width of 8 ns (Make: Insight
122551-R) was used to generate the laser-induced
plasma. The irradiance was focused with a 25 mm di-
ameter fused silica lens, with a focal length of
35 mm, which provides ~10–15 GW/cm2 flux ap-
proximately at the focal point. The spot size on the
sample was set to be 75 mm in diameter. In order to
improve the stability of the plasma and reduce the
self-absorption of the emissions, a mixture of argon
(1 lpm) and helium (3 lpm) was used as the buffer
gas during the experiments.

The plasma emissions are collected with a fiber
optic at 45 degree angle, which allows the collection
of the optimum intensity from the plasma volume.
The collected emissions are directed through a fiber
optic to a Czerny-Turner spectrometer (Make: An-
dor Technology; Model: Shamrock - SR-303i-A)
with 1200 grooves/mm grating (resolution ~ 0.1 nm
at 500 nm and nominal dispersion ~2.58 nm/mm).
The spectrometer slit width was fixed at 100 mm for
all experiments reported here in order to have the
optimum spectral line intensity and resolution. A
time-gated intensified charge-coupled device
(ICCD) detector array (1024 3 1024 CCD) (Make:
Andor Technology; Model: DH334T-18U"E3) re-
cords the spectral lines at the spectrometer exit focal
plane. The time gating is synchronized with the laser
Q-switch.

Calcium atomic emission line was chosen from
NIST Atomic Energy Levels Data Center [48].
Based on the emission strength, accuracy, and high
transition probability, calcium atomic emission Ca I
(422.67 nm) was chosen. In order to maximize the
detection and sensitivity of the instrument, the sam-
ple emissions were recorded at different gate delays.
At each gate delay, signal-to-noise ratio (SNR) was
calculated by dividing the peak signal value meas-
ured at the wavelength of interest by the noise of
the spectra. The noise was defined as the root mean
square over the baseline (~40 pixel) adjacent to the
analyte peak. The SNR was subsequently used as
the effective emission (Iem) for all our spec-
trochemical data, and the optimal gate delay was de-
termined from the maximum effective emission in
time. For all quantitative comparisons of the LIBS
spectral results, atomic emissions for Ca I
(422.67 nm) from VICs in osteogenic culture were
normalized by the respective emissions from the
control cell samples.

2.7 Statistical analysis

Each experiment was repeated for three different
cell isolations (n= 3). Statistical significance for dif-
ferent experiments was obtained using single-factor
ANOVA. A p-value of #0.05 was considered sig-
nificant. For LIBS measurements 50 different spots
were collected for each sample, and the SNRs were
calculated for each individual shot. The averaged
SNR values over the 50 shots are reported here for
each sample.

3. Results and discussion

3.1 Calcium assay

Colorimetric calcium assay results show that the cal-
cium content of VICs cultured in osteogenic media
increases overtime wherein after 14 and 21 days of
osteogenic culture, the calcium content is sig-
nificantly increased compared to the VICs at day 10
of osteogenic culture (Figure 2a). Moreover, the cal-
cium fold changes (calcium content normalized to
respective controls) are significantly elevated in
VICs after 14 days of culture in osteogenic media
(Figure 2b). However, for smaller amounts of cal-
cium, the assay results have observable fluctuations
between experimental and control VICs at day 4
and are unable to detect the calcium content at day
2 (Figure 2a). Similarly, analysis of calcium deposi-
tion among VIC monolayers by Von Kossa staining
show increased calcification overtime (Figure 3a).Figure 1 Schematic for the experimental set-up of LIBS.

4 S. A. Davari et al.: Quantitative LIBS for in-vitro analysis of VICs calcification
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The representative images of calcium deposition in
Figure 3a shows the nodules within VICs cultured in
osteogenic media at different time points. It is ob-
vious that at day 2 of osteogenic culture, no calcium
deposition can be observed. Image analysis results
demonstrate significantly elevated area percentage
covered with calcium deposition and integrated den-
sity in VICs cultured in osteogenic media at day 14
as compared to the corresponding values over
4–10 days (Figure 3b, c).

Osteogenic differentiation of the VICs cultured
in osteogenic condition advances over time and can

be evaluated by change in the identified osteogenic
markers. In a study on rat VICs cultured in osteo-
genic media for 7 and 14 days, the amounts of osteo-
genic markers increased significantly at day 14 com-
pared to day 7, showing that longer duration of
culture is associated with increased calcification [49].
Our calcium assay results are consistent with pre-
vious studies showing that amount of calcium in-
creases over the time range of 4 to 21 days.

3.2 LIBS measurements

Representative LIBS spectra for Ca I (422.67 nm)
atomic emission lines from VIC samples at day 10 col-
lected over various gate delays are shown in Figure 4.
It can be observed that the emission intensity of the
422.67 nm line decreases in time as a result of the di-
minishing continuum spectral background due to the
recombination of free ions with electrons within the
plasma that finally leads to atomic transitions from
electronically excited to ground state. The temporal
decrease in the absolute line intensity is accompanied
by the respective decrease in the noise that results in
an optimal gate delay wherein the analyte signal is rel-
atively high as compared to the continuum noise in
the spectrum. The temporal variations in signal-to-
noise ratio (SNR) for the Ca I (422.67 nm) line, as

Figure 2 (a) Calcium assay results for control and osteo-
genic VICs after 4, 7, 10, 14 and 21 days of culture in os-
teogenic media, *p<0.05 compared to osteogenic day 10
(b) normalized calcium content of osteogenic VICs to re-
spective controls at each time point. The data represents
mean ! std.error, n=3 porcine aortic valves, *p<0.05
compared to respective control.

Figure 3 (a) Von Kossa staining of VICs cultured in osteo-
genic media for 2, 4, 7, 10 and 14 days; the scale bar is
250 mm. Image analysis results showing (b) area percent-
age (c) integrated density of the calcium deposition within
VICs cultured in osteogenic media for 4, 7, 10 and 14 days.
The data represents mean ! std.error, n = 3 porcine aortic
valves, *p<0.05.
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shown in the inset in Figure 4, indicates the optimal
SNR to be 3 ms. Therefore, for all quantitative analysis
presented here, we use a gate delay of 3 ms and a gate
width of 5 ms for the Ca I (422.67 nm) detections in the
VIC samples. The spectral signatures from osteogenic
VICs cultured over days 2 to 21 are illustrated in Fig-
ure 5a indicating an increase in Ca I (422.67 nm) peak
over time due to increasing calcium contents. The ex-
tent of calcification can be inferred by comparing the
respective spectral signatures from osteogenic and
control VICs, as indicated in Figure 5b for the specific
case of osteogenic VICs cultured over 21 days. It is ob-
served that except for the specific emission peak of Ca
I (422.67 nm), both the control and analyte spectra
demonstrate comparable emissions for the spectral sig-
natures from the background Ar gas over the wave-
length window of interest. This confirms that the spec-
tral enhancement in the analyte line of interest
(422.67 nm) arises specifically from the relevant differ-
ences in the calcium content between the control and
osteogenic VICs, and is not an experimental artifact
due to shot-to-shot fluctuations.

The evolution of the effective LIBS emissions
(SNR) from both control and osteogenic VICs cul-
tured over the 2 to 21 days are shown in Figure 6a.
The slight variations in the SNR values for the control
VIC samples over time can be attributed to shot-shot
variations, especially considering the fact that the re-
spective SNRs for the osteogenic VICs indicated con-
sistently higher and temporally increasing values. The

effective LIBS signal is proportional to the atomic
number densities of calcium in the plasma volume as
per the Maxwell-Boltzmann relations:

Iem1Niexpð DEki

kBTexc
Þ

where DEki is the energy difference between the
transition states, and Texc is the plasma temperature.
Hence, the differences in the effective signals from
the control and osteogenic VICs can be directly cor-
related to the differences in the relative calcium
contents in the respective VIC samples. To account
for the artifacts arising from spectroscopic, optical
and experimental factors affecting the measured rel-
ative emission intensities at different conditions of
the plasma evolution, Figure 6b indicates the effec-
tive signals from osteogenic VICs normalized to the

Figure 4 Representative LIBS spectra at different gate de-
lays for Ca I (422.67 nm) emission lines from day 10 osteo-
genic VIC samples. (Inset: Temporal variations in SNR for
Ca I line indicating optimal gate delay 3 msec).

Figure 5 (a) LIBS signatures for Ca I (422.67 nm) emission
line from osteogenic VICs at various time points of cell
culture (spectra are shifted for better visualization); (b)
Comparison of Ca I (422.67 nm) emissions from osteo-
genic and control VICs at day 21.

6 S. A. Davari et al.: Quantitative LIBS for in-vitro analysis of VICs calcification
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respective signals from the control samples (Iem, osteo-

genic/Iem, control) at 3 ms for the different days of cell cul-
ture. For each osteogenic VIC sample, the Iem, osteo-

genic/Iem, control ratios in Figure 6b are proportionately
higher than unity for the different days of culture,
thereby confirming the excess calcium contents in
osteogenic VICs over their respective controls.
These results are even consistent over the early
stages of calcifications (i. e., the samples cultured for
2 to 4 days). This definitely supports our hypothesis
that the cultured VICs deposit elevated amounts of
calcium as compared to their respective controls
over all stages of osteogenic differentiation. In turn,
these results point towards the ability of LIBS to re-
solve the onset of calcium depositions in early-stages
of osteogenic differentiation (Iem, osteogenic > Iem, control

for both day 4 and day 7 VIC samples in Figure 6a

and b). On the other hand, the calcium assay fails to
indicate any detectable signal above the background
fluctuations for the VICs cultured up to day 7 (spe-
cifically, MCa, osteogenic/MCa, control <1 for day 4 in Fig-
ure 2b). Additionally, neither the calcium assay nor
the Von Kossa staining is able to detect any calcium
deposition within osteogenic VICs after 2 days of
culture. This indicates the inadequacy in the de-
tection limits of the calcium assay. However, a great-
er sensitivity and superior detection limits of LIBS
enable us to detect spectrally significant calcium sig-
nals from VIC samples with as early as 2 days of cell
culture.

3.3 Time evolution and calibration curves
based on calcium assay and LIBS
measurements

A time evolution curve, as shown in Figure 7, is es-
tablished for both normalized LIBS signals (from
Figure 6b) and assay measurements (from Fig-
ure 2b) for the calcium contents in the osteogenic
VIC samples. Fitted curves for both the afore-
mentioned normalized data indicate a linear in-
crease up to day 14 of VIC osteogenic culture which
is subsequently followed by an exponential increase
until day 21 (Figure 7 indicates the linear-ex-
ponential fit used). Therefore, one can observe a di-
rect correlation between the calcium signal measure-
ments from LIBS and calcium deposition detections

Figure 6 (a) LIBS results for control and osteogenic VICs
after 2, 4, 7, 10, 14 and 21 days of culture in osteogenic
media, p*<0.05 compared to osteogenic day 10 (b) nor-
malized calcium content of osteogenic VICs to respective
controls at each time point. The data represents mean !
std.error, n = 3 porcine aortic valves, *p<0.05 compared
to respective control.

Figure 7 Time evolution curve for the normalized LIBS
signal intensities (Iem, osteogenic/Iem, control; right y-axis) and as-
say measurements (MCa, osteogenic/MCa, control; left y-axis) for
calcium contents in the osteogenic VIC samples indicating
the similar linear-exponential trends for calcium deposi-
tions over the different periods of cell culture. (Fit equa-
tion as shown in the plot).

J. Biophotonics (2017) 7
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from calcium assay. To this end, Figure 8 establishes
the linearity (R2 =0.94) in the correlation curve be-
tween normalized Ca signal emissions from LIBS
(Iem, osteogenic/Iem, control) and calcium contents from cal-
cium assay (MCa, osteogenic/MCa, control). It should be not-
ed that the day 4 calcium assay data from Figure 2a
indicate lower calcium content in the osteogenic
VICs as compared to the respective controls. This is
highly unlikely since it contradicts our very hypoth-
esis that the cultured VICs deposit elevated
amounts of calcium as compared to their control cell
counterparts over all stages of osteogenic differ-
entiations. Therefore, we infer that day 7 is the ear-
liest time point during the cell culture durations in
our study that allows for conclusive measurement of
calcium content by calcium assay. In this context,
the LOD for the assay measurements at day 7 is es-
timated to be ~0.84 mg. Our LOD from calcium as-
say measurements is relatively smaller or in the sim-
ilar range as compared to previous studies using
calcium assay approach that reported LODs of 1.5
[50], 50 [51], and 0.9 mg [52] for measured calcium
contents in marrow stromal cells, vascular smooth
muscle cells and mesenchymal stem cells re-
spectively. In contrast, the normalized calcium sig-
nals measured by LIBS is observed to be greater
than unity for all VIC samples even at time points as
early as 2 and 4 days of culture. To this end, we
quantitate our current LIBS analysis via LOD meas-
urements from the calibration curve in Figure 9 that
relates the detectable calcium assay measurements
over 7 to 21 days to the corresponding LIBS calcium
signals. We adopt the following definition of LOD
here:

LOD ¼ 3sB

S

where, sB is standard deviation of the background of
spectra and S is the slope of the linear fit to the cali-
bration curve as shown in Figure 9. The calibration
curve shows good linearity (R2 = 0.98), and the esti-
mated LOD for calcium from our LIBS measure-
ments is found to be ~0.17!0.04 mg which indicates
a 5-fold improvement over calcium detection from
the assay.

4. Conclusion

In this study, we established a significant milestone
in using LIBS as an analytical tool for quantitative
in-vitro detection of small amounts of calcium in
cellular samples that are undetectable by conven-
tional methods. LIBS signals for Ca emissions from
analyte samples of osteogenic VICs were distinctly
identified as enhancements over the corresponding
signals from control cells, thereby establishing the
specificity of the LIBS analysis. A linear correla-
tion between the LIBS signal and the biochemical
calcium assay results was observed that indicated a
systematic increase in the Ca signals from osteo-
genic VICs cultured over different durations of
time. While the calcium assay could significantly
detect calcifications in VICs only after 7 days of
culture, the LIBS results could reliably resolve Ca
signals from osteogenic VICs as early as 2 days of
culture. A calibration curve for the LIBS results
was generated that established the LOD for quanti-

Figure 8 Linear correlation between normalized Ca signal
emissions from LIBS (Iem, osteogenic/Iem, control) and normalized
calcium content from calcium assay (MCa, osteogenic/MCa, con-
trol).

Figure 9 LIBS calibration curve for signal intensities from
Ca I (422.67 nm) emission lines as a function of calcium
content estimated from calcium assay LOD is estimated
based on Eqn. (1). Eror bars represent mean ! std.error.
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tative calcium detection to be ~0.17!0.04 mg,
thereby indicating a 5-fold improvement over the
conventional calcium assay measurements. Our re-
sults indicate that LIBS provides significantly lower
LOD over calcium assay and histology techniques.
In future, such studies may aid the fundamental re-
search in the determination of the initiation point
of calcification in aortic valves. The results from
the present study provide a novel and accurate bio-
analytical tool for measuring low amounts of cal-
cium in cell samples for in-vitro pathological stud-
ies on laboratory platforms. Further investigations
are required in future to assess the possibility of us-
ing LIBS for in-vivo applications.
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