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T
he phenomenon where absorption
of electromagnetic energy gener-
ates acoustic waves is known as the

photoacoustic (PA) effect. First demon-
strated in 1881 by A. G. Bell,1 this effect is
used for a variety of applications in material
science and medicine such as imaging and
spectroscopy.2,3 An optical (visible and near-
infrared lasers) or radio frequency/micro-
wave source is typically used as the electro-
magnetic source. This source deposits non-
ionizing electromagnetic energy onto an
absorbing surface giving rise to a ther-
moelastic expansion leading to a wide-
band ultrasonic emission. This effect forms
the basis for emerging bioimaging tech-
nologies such as PA microscopy and imag-
ing.3 Recently, a number of nanomaterials
such as single-walled carbon nanotubes
(SWNTs) and gold nanoparticles (GNPs) with
strong intrinsic absorption at visible/near-
infrared (NIR) wavelengths have been used
as contrast agents for laser-induced PA
imaging.4�6

Marrow, or mesenchymal stromal cells
(MSCs), are multipotent cells found pre-
dominantly within the bone marrow. MSCs
are undifferentiated progenitor cells for
various mesenchymal tissues and can differ-
entiate into tissue types including but not
limited to bone, cartilage, and adipose.7�9

Thus, they show potential for a variety of
biomedical applications for tissue
regeneration,10,11 cell and gene therapy,12

with a possibility of clinical translation for
promising experimental developments.13

Proper environmental cues are necessary
to differentiate MSCs into various tissue
types. Laser-induced optical stimulation,14,15

low-intensity pulsed ultrasound,16 mechani-
cal signals,17 fluid shear stresses,18 and na-
nomaterials19 have been demonstrated to
influence their differentiation toward osteo-

blasts. The ultimate goal of all these strate-
gies is to restore and heal bone loss due to
trauma or disease. Curiously, the osteoin-
ductive efficacy of PA stimulation which in
theory should combine the benefits of opti-
cal and acoustic stimulation has not been
explored. To the best of our knowledge,
there have been no studies examining the
interaction of MSCs and nanoparticles that
enhance the PA effect under PA stimulation.

In this work, we aimed to combine PA
stimulation and nanomaterials to synergize
the benefits of optical, mechanical (acous-
tic) stimulation and nanomaterials on MSCs’
differentiation toward osteoblasts. Toward
this goal, we investigated the effect of laser-
induced photoacoustic stimulation with
and without nanoparticle (SWNTs or GNPs)
facilitation on the differentiation of MSCs
toward osteoblastic lineages in static
culture.
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ABSTRACT In this article, we report a novel nanoparticle-enhanced biophysical technique that differentiates

multipotent marrow stromal cells (MSCs) toward osteoblasts. We show that a brief (10 min) daily nanoparticle-

facilitated exposure of MSCs to nanosecond pulse laser-induced photoacoustic (PA) stimulation enhances their

differentiation toward osteoblasts. To observe osteodifferentiation under PA stimulation, tissue culture plates

were seeded with MSCs without the osteogenic culture supplements (OS, 0.01 M �-glycerophosphate, 50 mg/L

ascorbic acid, 10�8 M dexamethasone) in the presence and absence of single-walled carbon nanotubes (SWNTs)

and gold nanoparticles (GNPs). The alkaline phosphatase activity, calcium content, and osteopontin secretion were

monitored as indicators of MSCs’ differentiation toward osteoblasts. The PA stimulated groups show up to 612%

increase in calcium content compared to the controls cultured with osteogenic supplements (without PA

stimulation) after 16 days. Among the PA stimulated groups, at day 16, MSCs incubated with SWNTs at 10 �g/

mL concentrations showed up to 97% greater calcium content than those that did not contain SWNTs. The results

demonstrated that PA stimulation not only promotes osteogenesis but also is synergistically enhanced by the

presence of nanoparticles and, thus, has major implications for bone regeneration applications.

KEYWORDS: single-walled carbon nanotube · pulse laser · photoacoustic
effect · bone regeneration · osteoblast
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RESULTS AND DISCUSSION
Pulse Laser Stimulation with Nanoparticles. For all of the

groups, MSCs (ATCC-CRL12424) were cultured initially
at 20 000 cells/well in DMEM (GIBCO) with 10% FBS (In-
vitrogen) and 1% penicillin/streptomycin (GIBCO) in
4-well optical-bottom (15 mm diameter) SonicSeal tis-
sue culture plates (Nunc, Naperville, IL) (Figure 1A) with-
out the osteogenic supplements (OS; 0.01 M
�-glycerophosphate, 50 mg/L ascorbic acid, 10�8 M
dexamethasone) shown to differentiate MSCs toward
osteoblasts.20,21 Figure 1B�D shows the experimental
setup. The tissue culture plates were placed inside a 10
cm polystyrene beaker, filled with 20 mL of water. Wa-
ter was used because it does not absorb laser light, is
transparent, and acts as a coupling medium for acous-
tic wave propagation.

The center two wells (II, III in Figure 1A) were the
only ones directly exposed to the laser during the
stimulation. A summary of all the experimental groups
is presented in Table 1. Three groups were used as con-
trols: MSCs incubated in media without OS and with-
out PA stimulation (control 1), MSCs incubated in me-
dia with SWNTs without OS and without PA stimulation
(control 2), and MSCs incubated in media with OS and
without PA stimulation (control 3). Four groups were
used for the photoacoustic stimulation: MSCs without
nanoparticles directly stimulated by the laser (light)
(Figure 1B), 10 ppm of SWNTs directly incubated with
the MSCs (SWNT in media) (Figure 1B), SWNTs coated to
the outside bottom (underneath) of the tissue culture
plate (SWNT) (Figure 1C), and GNPs coated onto a glass
slide and placed underneath the tissue culture plate
(gold) (Figure 1D). The first two groups were used to in-
vestigate the effect of PA stimulation on the osteodiffer-
entiation of the MSCs in the presence and absence of
nanoparticles in the media. The final two groups (SWNT
and gold) were used to investigate the contribution of
the acoustic waves generated by the nanoparticles on
the differentiation of the MSCs and whether different
nanoparticles with good PA properties have similar
abilities to facilitate the differentiation of MSCs toward
osteoblasts. Additional groups with GNPs were not in-
cluded because the information obtained was sufficient
to provide answers to the following specific questions:
(1) Does PA stimulation differentiate MSCs toward os-
teoblasts? (2) What effect does PA stimulation com-
bined with nanoparticles that enhance the PA effect
have on the osteodifferentiation of the MSCs? SWNTs
were given more emphasis than GNPs because our re-
cent results suggest that SWNTs generate acoustic sig-
nals by absorption of electromagnetic energy in the vis-
ible/NIR as well as radio frequency region.22,23 This
characteristic property of the SWNTs would be benefi-
cial for future in vivo studies, where one can use a vari-
ety of electromagnetic sources for deeper tissue pen-
etration. In both of the groups (SWNT and gold), SWNTs
and GNPs underneath the cell culture plates avoided di-

Figure 1. Photoacoustic schematic. (A) Digital image of the Nunc Sonic-
Seal; a 4-well optical-bottom cell culture plate. MSCs incubated in wells II
and III were stimulated by the laser, while those incubated in I and IV
were not exposed to the laser light and, therefore, experienced only the
acoustic effect. (B) Depiction of the PA stimulation setup for the SWNT in
media and light groups. The Nunc SonicSeal tissue culture plates were in-
cubated with the MSCs. The tissue culture plate was placed in another
(10 cm diameter) polystyrene beaker containing 20 mL of water. The la-
ser beam irradiated the PA groups with a 15 mm beam diameter from be-
low. (C) Depiction of the PA stimulation setup for the SWNT group.
SWNTs were completely coated to the outside bottom (underneath) of
the 15 mm well, and the laser beam irradiated the PA groups with a 15
mm beam diameter from below. (D) Depiction of the PA stimulation
setup for gold groups. GNPs were coated to a glass slide and placed un-
derneath the 15 mm well, and the laser beam irradiated the PA groups
with a 15 mm beam diameter from below.
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rect contact with the cells (Figure 1C,D). The incoming
laser light was completely absorbed by the nanoparti-
cles with negligible transmittance,24,25 and the MSCs
only felt the generated acoustic waves. Each group was
stimulated for 10 min a day using a 527 nm Nd:YLF la-
ser with a 200 ns pulse duration, at a pulse repetition
rate of 10 Hz (�6000 pulses/day). The incident laser flu-
ence on the sample surface was controlled to �6 mJ/
cm2 to be within the American National Standards Insti-
tute (ANSI) standard of maximum permissible exposure
(MPE). This exposure was repeated for 4, 9, or 16 days.
The differentiation of MSCs for the stimulated and the
nonstimulated groups was determined by analysis of
known indicators for cell proliferation (cellular DNA
analysis), osteogenesis (production of alkaline phos-
phatase (ALP), deposition of a calcified matrix (Ca con-
tent analysis), and osteopontin (OPN) expression)), adi-
pogenesis (lipid quantification), and chondrogenesis
(sulfated glycosaminoglycan (sGAG) expression).

Cellular Response to Stimulation. It is now well-
established that osteodifferentiation is marked by se-
quential stages of cellular proliferation and bone extra-
cellular matrix maturation.26 Thus, the cellularity (Figure
2) for each group was quantified as a measure of prolif-
eration by analyzing DNA content using the PicoGreen
assay shown to correlate DNA content directly to cell
number.18 The cell numbers of the PA stimulated
groups were higher (greater than 17%) than the non-
stimulated control 1 after 9 days of irradiation. The gen-
eral trend observed for the cellularity for the PA stimu-
lated groups was consistent with what is normally
observed for this cell type,18 an increase in cell growth
and a growth plateau between day 9 and day 16. The
plateau in cellularity between day 9 and day 16 may be
due to an increase in matrix deposition and mineraliza-
tion (Figure 5 and Table S1 in the Supporting Informa-
tion) with time.18 The DNA could be encased within the
matrix and may not be detectable by the DNA assay. Al-
ternatively, the plateau effect may also be an indica-
tion of poor cell proliferation or cell death. However,
the extensive mineralization and changes in expression
of osteoblastic markers (Figures 3�6) observed in all
of the groups suggest that the cells remain viable with
continued matrix deposition.

Figure 3 shows the results of ALP activity for all of
the groups. ALP activity is a transient early marker of os-

teodifferentiation in MSCs known to peak at the end

of the proliferative stage and before matrix matura-

tion.27 At each time point, the ALP activity of the stimu-

lated groups was significantly higher (up to �2050%

greater at day 9) than the nonstimulated controls. The

nonstimulated groups without OS (controls 1 and 2;

data included in Table S2 in the Supporting Informa-

tion) did not show any noticeable increase in ALP activ-

ity or in other markers, indicating that these cells were

not differentiating. A general trend in ALP activity dur-

ing osteodifferentiation is an initial increase with prolif-

eration and a subsequent slowing down with matrix

deposition and mineralization.28 The ALP activity

peaked between day 9 and day 16 for the stimulated

groups before decreasing by day 16, suggesting that os-

teodifferentiation was indeed occurring. Furthermore,

ALP content for the stimulated SWNT in media, SWNT,

and gold groups was greater than the light groups at all

time points (up to �168% greater at day 9).

TABLE 1. Summary of Experimental Groups and the Conditions Tested

experimental groups OS included nanoparticles included PA stimulation performed

SWNT in media no yes, SWNTs incubated with the cells yes
gold no yes, GNPs coated to the outside bottom (underneath) the tissue culture plate yes
SWNT no yes, SWNTs coated to the outside bottom (underneath) the tissue culture plate yes
light no no yes
control 1 no no no
control 2 no yes, SWNTs incubated with the cells no
control 3 yes no no
OS � osteogenic supplements; PA � photoacoustic; SWNT � single-walled carbon nanotube; GNP � gold nanoparticles

Figure 2. Cellularity of all PA stimulated groups and controls after 4, 9,
and 16 days. Experimental groups were 10 ppm of SWNTs directly incu-
bated with the MSCs (SWNT in media), GNPs coated onto a glass slide and
placed underneath the tissue culture plate (gold), SWNTs coated to the
outside bottom (underneath) of the tissue culture plate (SWNT), MSCs
without nanoparticles directly stimulated by the laser (light), MSCs incu-
bated in media without OS and without PA stimulation (control 1), MSCs
incubated in media with SWNTs without OS and without PA stimulation
(control 2), and MSCs incubated in media with OS and without PA stimu-
lation (control 3). Data represented as mean � standard deviation for n
� 4; * represents statistical difference (P � 0.05) compared to the non-
stimulated control 1.
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The osteoblastic proliferation of the MSCs is further

confirmed by the presence of osteopontin. Osteopon-

tin, a phosphorylated glycoprotein, is an early marker

secreted by osteoblasts during early stages of bone de-
velopment and has been thought to promote cell at-
tachment essential for matrix mineralization.29 Figure 4
shows the accumulation of secreted osteopontin in
the culture media over 16 days. It clearly shows a lin-
ear temporal increase in osteopontin for the stimulated
groups with negligible detection in the nonstimulated
static cultures (control 1). For all PA stimulated groups,
there is an increase in osteopontin secretion with time.
Since osteopontin is considered a direct indicator of os-
teoblastic proliferation in vitro,30 the results suggest a
continuous osteoblastic proliferation for the duration of
the study. The osteopontin levels for SWNT in media
� SWNT, gold � light, which implies that proliferation
of cells for SWNT in media � SWNT, gold � light even
though the cellularity results (Figure 2) were inconclu-
sive with respect to cell proliferation between day 9 and
day 16 and only indicate that PA stimulation increases
proliferation up to day 9.

The accelerated osteoblastic differentiation for all
the PA stimulated groups and the trend of increased
proliferation of cells for SWNT in media � SWNT, gold
� light discussed above are further corroborated by cal-
cium deposition, a late stage marker of osteoblast
differentiation.18,28 The production and deposition of a
calcified, mineralized matrix are considered to be indi-
cators of maturation of osteoblast phenotype for MSCs’
differentiation. Thus, the calcium content for all of the
groups was quantified to evaluate their matrix produc-
tion. The calcium content for all of the groups pre-
sented in Figure 5 shows that the measured calcium
content for the PA stimulated groups increased sub-
stantially with the highest values at day 16. Control 1
and control 2 had low detectable calcium (Table S3 in
the Supporting Information). The onset of calcium
deposition seen at day 4 for the PA stimulated groups
is in accordance to the accelerated osteodifferentiation
as indicated by the osteopontin data. After 16 days, the
SWNT in media group contained 318 �g, SWNT con-
tained 221 �g, gold contained 243 �g, and light con-
tained 161 �g of calcium. In comparison, control 1, con-
trol 2, and control 3 yielded 0.16, 0.11, and 45 �g,
respectively. Thus, SWNT in media yielded a 612%,
SWNTs yielded a 396%, gold yielded a 444%, and light
yielded a 260% increase compared to the control 3
(MSCs cultured with OS). Among the PA stimulated
groups, at day 16, SWNT in media showed 44 and 97%
greater Ca content than SWNT and light, respectively.
Gold and SWNT showed 51 and 38% greater Ca content
than light, respectively. This trend among the PA stimu-
lated groups for Ca content is similar to the trend of in-
creased osteopontin (Figure 4) with SWNT in media �

SWNT, gold � light. Taken together, it is logical to infer
the PA stimulated groups show accelerated differentia-
tion and increased cell proliferation.

Chondrogenic and adipogenic assays were also per-
formed for the PA stimulated groups to ascertain the

Figure 3. Alkaline (ALP) phosphatase activity of all PA stimulated groups
and controls after 4, 9, and 16 days. Experimental groups were 10 ppm of
SWNTs directly incubated with the MSCs (SWNT in media), GNPs coated
onto a glass slide and placed underneath the tissue culture plate (gold),
SWNTs coated to the outside bottom (underneath) of the tissue culture
plate (SWNT), MSCs without nanoparticles directly stimulated by the la-
ser (light), MSCs incubated in media without OS and without PA stimula-
tion (control 1), MSCs incubated in media with SWNTs without OS and
without PA stimulation (control 2), and MSCs incubated in media with OS
and without PA stimulation (control 3). Data represented as mean � stan-
dard deviation for n � 4; * represents statistical difference (P � 0.05)
compared to the nonstimulated control 1.

Figure 4. OPN protein expression in the media samples of the PA groups
and controls over 16 days. Experimental groups were 10 ppm of SWNTs
directly incubated with the MSCs (SWNT in media), GNPs coated onto a
glass slide and placed underneath the tissue culture plate (gold), SWNTs
coated to the outside bottom (underneath) of the tissue culture plate
(SWNT), MSCs without nanoparticles directly stimulated by the laser
(light), MSCs incubated in media without OS and without PA stimulation
(control 1), MSCs incubated in media with SWNTs without OS and without
PA stimulation (control 2), and MSCs incubated in media with OS and
without PA stimulation (control 3). Total OPN protein expression in the ex-
tracellular media was measured after each media change.
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presence of other major lineages (adipocytes and chon-
drocytes) after PA stimulation. Chondrogenesis was as-
sessed by quantifying the amount of extracellular pro-
teoglycans, using sulfated glycosaminoglycan (sGAG) as
a marker.31 The groups were also stained with Oil Red
O to identify and quantify lipid-containing vacuoles, a
good indicator of adipogenesis. At all time points for
the PA stimulated groups, the chondrogenic assay
showed negligible amounts of sGAG (Table S4 in the
Supporting Information), and no Oil Red O staining was
observed, indicating that the MSCs did not differenti-
ate toward chondrocytes and adipocytes.

As mentioned earlier, the two groups, SWNT and
gold, were used to investigate the contribution of the
acoustic waves generated by the nanoparticles on the
differentiation of the MSCs. Figure 6 shows the Ca con-
tent at day 16 for SWNT, gold, and light directly ex-
posed to the laser (wells II and III in Figure 1A) and the
Ca content of adjacent wells (I and IV in Figure 1A),
which only experienced the acoustic waves. No statisti-
cally significant difference in the Ca content was ob-
served for wells directly in the pathway of the laser light
or the adjacent wells. These results indicate that for
SWNT, gold, and light the observed effect is mainly due
to the acoustic waves. However, the greater Ca con-
tent for SWNT (�221 �g) compared to light (�161 �g)
suggests that the acoustic waves generated by SWNTs
have a greater beneficial effect on the cells. Combining
the two, we hypothesize that for SWNT in media, which
has the highest Ca content compared to other groups,
the generated acoustic waves play a dominant stimula-
tory role.

There is now a body of work investigating the ef-
fects of optical and ultrasound stimulation on
osteogenesis.32,33 Optical stimulation efficacy is af-
fected by the laser system (e.g., He�Ne, semiconduc-
tor, etc.), the specifications of the optical source (e.g.,
wavelength, output power, etc.), and the optical wave
type (e.g., continuous, interrupted, pulsed).32,34,35 The
mechanism of osteoinduction by laser stimulation,
though not completely clear, has been thought to be
photochemical in nature, with the intracellular mito-
chondrial chromophores absorbing the incident pho-
tons and enhancing cell proliferation.35,36 For ultra-
sound, its efficacy for osteoinduction is affected by the
specific characteristics of the ultrasound signal (e.g., fre-
quency, pulse width, etc.).33 The mechanism of ultra-
sound stimulation has been attributed to the acoustic
pressure waves or mechanical signals generated by the
ultrasound. These mechanisms have been suggested
to induce conformational and biochemical changes to
the cell membrane leading to downstream alterations
in bone-specific genes.33 Analysis of our results (as dis-
cussed above) indicates that, for both the SWNT in me-
dia group and the light group, the mechanism of os-
teoinduction may be a combination of photochemical
and mechanical signals with the mechanical contribu-

tions playing a dominant role, while for SWNT and

gold, the mechanism is only due to mechanical contri-

butions. It is important to point out here that these PA

mechanical signals are unlike the ones used in ultra-

sound stimulation. For ultrasound stimulation, sine

waves of a certain ultrasound frequency (typically in

megahertz) are used. For PA stimulation, the acoustic

Figure 5. Calcium content of all the groups after 4, 9, and 16 days. Note
that the calcium content for control 1 and control 2 was negligible com-
pared to the other groups, and hence, the y-axis starts at a value slightly
lower than zero so that they show up on the graph. Experimental groups
were 10 ppm of SWNTs directly incubated with the MSCs (SWNT in me-
dia), GNPs coated onto a glass slide and placed underneath the tissue cul-
ture plate (gold), SWNTs coated to the outside bottom (underneath) of
the tissue culture plate (SWNT), MSCs without nanoparticles directly
stimulated by the laser (light), MSCs incubated in media without OS and
without PA stimulation (control 1), MSCs incubated in media with SWNTs
without OS and without PA stimulation (control 2), and MSCs incubated
in media with OS and without PA stimulation (control 3). Data repre-
sented as mean � standard deviation for n � 4; * represents statistical
difference (P � 0.05) compared to the nonstimulated control 1.

Figure 6. Calcium content after 16 days for the PA groups and control 3.
The direct samples were in the path of the laser light during PA stimula-
tion. The indirect samples were the adjacent wells not in the path of the
laser light. Data represented as mean � standard deviation for n � 4; *
represents statistical difference (P � 0.05) between the PA groups and
the nonstimulated control 3.
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waves generated span a whole range of frequencies
from kilohertz to megahertz. To further elucidate the
mechanism, intensive studies are currently underway
in our lab.

Recently, a number of studies have shown that the
SWNTs and GNPs facilitate thermal ablation of cells un-
der continuous laser irradiation.37�40 Our results in con-
jugation with these studies show that the same nano-
particles under different laser conditions can either
regenerate or destroy cells and tissues.

The demonstration of the nanoparticles to facilitate
and promote osteogenesis under PA stimulation intro-
duces a new paradigm for bone regeneration applica-
tions especially at near-infrared (NIR) and radio fre-
quency (rf) domains of the electromagnetic spectrum,
which allows deeper tissue penetration, and where
these nanoparticles have shown to have good absorp-
tive and PA properties.23,41 For example, in bone tissue
engineering, most porous scaffolds (e.g., ceramics,42

metals,43 polymers,44 and nano-reinforced)45 are only
osteoconductive (promoting bone ingrowth). To incor-
porate osteoinductive properties into scaffolds, strate-
gies include incorporating (covalently or noncovalently)
peptides, nanosized hydroxyapitite,46 growth factors,46

and cytokines specifically known to influence bone cells
and performing scaffold surface treatments.47 Incorpo-
ration of nanoparticles used in this study into tissue en-
gineering scaffolds and the PA stimulation of these scaf-
folds should introduce a novel biophysical rather than

biochemical strategy to induce osteoinductive proper-
ties. Another example is in osteoporosis, where the
nanoparticles can be functionalized with antiresorptive
drugs (e.g., bisphosphonates), allowing a multi-prong
pharmacological and nonpharmacological (PA stimula-
tion) strategy that would slow down bone loss due to
the drugs, while simultaneously allowing high-
sensitivity, deep-tissue, and targeted regeneration of
bone due to nanoparticle-facilitated PA stimulation.

CONCLUSION
In summary, we report the osteodifferentiation of

MSCs by a novel nanoparticle-enhanced biophysical
technique. We show that a brief (10 min) daily nanosec-
ond pulse laser-induced PA stimulation enhanced by
nanoparticles (SWNTs and GNPs), over 16 days, facili-
tates MSCs’ differentiation toward osteoblasts. The PA
stimulated groups, after 16 days, show increased cal-
cium deposition (up to 612% increase) and osteopon-
tin levels compared to the controls cultured with osteo-
genic supplements (without PA stimulation). Among
the PA stimulated groups, at day 16, the groups with
nanoparticles show increased calcium deposition (up
to 97% greater) than those that did not contain nano-
particles. The results demonstrate that PA stimulation
not only promotes osteogenesis but also is synergisti-
cally enhanced by the presence of nanoparticles and,
thus, may have major implications for bone regenera-
tion applications.

EXPERIMENTAL METHODS
Cell Culture. Mouse marrow stromal cells (MSCs; ATCC-

CRL12424) were cultured in DMEM (GIBCO) with 10% FBS (Invit-
rogen) and 1% penicillin/streptomycin (GIBCO). Cells grown in
osteogenic supplemented media also contained 10�8 M dexam-
ethasone (Sigma), 10 mM �-glycerophosphate (Sigma), and 5
�g/mL L-ascorbic acid (Sigma). MSCs were initially plated onto
optical bottom SonicSeal Slide Wells (Nunc) at 20 000 cells/well.
Culture medium was changed every 2�3 days and replenished
with 0.5 mL of fresh medium. The aspirated medium was stored
at 4 °C for later osteopontin quantification. After stimulation, me-
dium was removed from the samples and 1 mL of DI water was
added to each well and frozen at �20 °C for the osteoblast pro-
liferation assays. The tissue culture plates were kept under stan-
dard cell culture conditions: 37 °C, 95% relative humidity, and 5%
CO2/95% air environment.

Photoacoustic Setup. A 527 nm (green light) Nd:YLF short pulse
laser (Photonics Industries GM-30) produced laser pulses with a
pulse duration of �200 ns and a pulse energy of 10 mJ at a rep-
etition rate of 10 Hz directly under each SonicSeal tissue culture
well (15 mm diameter) containing MSCs for 10 min daily for 4, 9,
or 16 consecutive days. The 10 min stimulation time was cho-
sen based on previous optical and ultrasound stimulation work
reported in literature.32�36 The stimulation was performed under
nominal laboratory conditions (25 °C, 1 atm). During stimula-
tion, these wells were placed into a 10 cm polystyrene beaker
containing 20 mL of water. The group SWNT had �2 mg of
SWNTs (1.2�1.5 nm diameter, 2�5 �m length) (Sigma Aldrich,
519308) secured using superglue (Elmer’s Products, Columbus,
OH) to the outside bottom of the tissue culture wells. The glue
was colorless and transparent to the laser light. The group gold
had �2 mg of gold nanoparticles coated onto a 1 mm quartz
glass slide through a previously described deposition method,48

and it was then placed below the tissue culture well. For the
deposition of the GNPs, a gold pellet (Kurt Lesker-EVMAUXX40G,
Pittsburgh, PA) was placed into a crucible (Alfa Aesar, Ward Hill,
MA), and the glass slide was taped to a 4 in. silicon wafer and
placed into a vacuum chamber under pressure (�2 � 10�6 Torr)
at 300 °C, with a deposition rate of 30 nm/s. The gold was vapor-
ized and coated onto the glass surface, with �130 nm gold thick-
ness, and then annealed for 18 h at 300 °C to form closely packed
GNPs of size 50�80 nm. Gold could not be coated directly onto
the cell culture plate due to the high temperatures which would
have melted the plate. The procedures used to coat the SWNTs
and GNPs also allowed formation of good uniform adherent
films. The group SWNT in media had 10 ppm of SWNTs directly
incubated with the MSCs. This concentration was chosen based
on our previous work, which showed that incubation at these
low dosages does not affect the viability of the MSCs.45 The con-
trol samples were not exposed to the laser. All groups had a
sample size of n � 4. Before the experiment began on the PA
groups, a needle hydrophone transducer (Precision Acoustics)
connected to an oscilloscope (GW Instek) was used to confirm
an acoustic signal.

Cellularity Assay. The cellularity of all the groups were deter-
mined by quantifying the DNA content of the lysated cells us-
ing a fluorometric DNA quantification kit (Picogreen Elisa kit, In-
vitrogen, Carlsbad, CA) with results expressed as cells by
quantifying the DNA content of a known amount of MSCs.18

Briefly, samples were sonicated for 5 min to lyse the cells to al-
low cellular DNA into the solution. In a separate 96-well plate, the
buffer provided with the kit was added to each well of a 96-
well plate at 100 �L/well, and 100 �L of standards and samples
was added in triplicate. Then 100 �L of Picogreen reagent was
added to each well and allowed to incubate at room tempera-
ture for 10 min in a dark room. The fluorescence of each well was
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measured using a microplate reader (Biotek, Winooski, VT) at a
480 nm excitation and 520 nm emission wavelength. The cell
number for each group was determined by correlating measured
DNA amount with a known number of MSCs, which was 3.11
pg of DNA per cell.

Calcium Assay. Calcium content is a later stage marker of osteo-
genesis and is quantified to determine the formation of a calci-
fied extracellular matrix. Calcium quantification was performed
by adding 1 M acetic acid to an equal volume of cellular sample
and put on a shaker overnight to dissolve the Ca.18 Calcium chlo-
ride (Sigma) was used as the standard. For the assay, 20 �L of
samples or standard was added in triplicate into each well of a
96-well plate. To each well, 280 �L of Arsenazo III calcium assay
reagent (Diagnostic Chemicals, Oxford, CT) was then added. This
reagent is a calcium binding chelate and changes color upon
chelating dissolved calcium, and this color change corresponds
to calcium ion concentration. Absorbance was determined at
650 nm on a microplate reader.

Alkaline Phosphatase Assay. Alkaline phosphatase activity is an
early stage marker of osteogenesis. Alkaline phosphatase was
quantified by the following method:18 100 �L of p-nitrophenyl
phosphate (pNPP) liquid substrate system (Sigma) was added to
100 �L of sample or standard in triplicate and incubated for 1 h
at 37 °C in a 96-well cell plate. pNPP is hydrolyzed by the alkaline
phosphatase forming p-nitrophenol; 100 �L of 0.2 M NaOH was
added to stop the reaction. The absorbance was read at 405 nm
on a microplate reader (Biotek, Winooski, VT), and alkaline phos-
phatase activity was quantified by comparison to the
4-nitrophenol (Sigma) standards.

Osteopontin Assay. Osteopontin (OPN), similar to calcium, is a
late stage marker of osteogenesis and is secreted from osteo-
blasts into the extracellular media. To quantify OPN, the mouse
OPN Elisa kit (R&D Systems, Minneapolis, MN) was used. Sample
culture media was collected every 2�3 days and was diluted
10 000-fold in DMEM, and the assay was performed in dupli-
cate. Briefly, 50 �L of assay diluent and 50 �L of standard or
samples were added to wells that were precoated with an OPN
polyclonal antibody allowing the OPN to bind and incubated for
2 h at room temperature. Then the samples and standards were
aspirated, and 100 �L of an enzyme-linked polyclonal antibody
reagent was added to each well and incubated at room temper-
ature for 2 h and followed by aspiration; 100 �L of substrate so-
lution was added to the wells for 30 min in the dark, causing a
blue color when an enzyme reaction occurred, and the reaction
was stopped with 100 �L of hydrochloric acid turning the
samples yellow. Absorbance was determined at 450 nm on a mi-
croplate reader, and OPN level was determined by the compari-
son to the OPN mouse standards.

Sulfated Glycosaminoglycan Assay. Sulfated glycosaminoglycan
content was analyzed as a marker for chondrogenesis because
these proteoglycans are released from chondrocytes.49 To deter-
mine the level of chondrogenesis, sulfated glycosaminoglycan
content was quantified using 1,9-dimethyl methylene blue solu-
tion (DMB; 40 mM NaCl, 40 mM glycine, 46 �M DMB (Sigma-
Aldrich) in PBE buffer (100 mM phosphate, 5 mM EDTA; pH �
7.5)), with pH adjusted to 3.0 was used as the reagent.49 DMB so-
lution (250 �L) was added to 20 �L of sample culture media or
standard in triplicate. The standards were chondroitin sulfate
(Sigma) dissolved in PBE buffer. Absorbance was read on a plate
reader at 525 nm.

Oil Red O Assay. Oil Red O was used as a stain on the groups to
identify and quantify lipid-containing vacuoles, which are con-
sidered good indicators of adipogenesis. For adipogenic qualita-
tive and quantitative analysis,50 the cells were washed with PBS
and fixed in 10% formalin for 1 h and rinsed with water. The cells
were stained with Oil Red O (Sigma) for 15 min (6 parts Oil Red
O (0.6% Oil Red O in isopropanol) and 4 parts water) and washed
with 70% ethanol and water. To quantify, 200 �L of 4% IGEPAL
Ca-630 (Sigma) in isopropanol was added to the cells for 5 min
and was transferred to a 96-well plate in triplicate to read absor-
bance at 520 nm on a plate reader.

Statistical Analysis. The ALP, DNA, calcium, sGAG, and adipo-
genesis assays were done in triplicate, and the OPN assay was
done in duplicate. Statistical analysis was done using a one-way
ANOVA. The data are represented in means 	 standard deviation

for n � 4. Tukey’s “Honestly Significantly Different” (HSD) mul-
tiple comparison test was used to determine the effects of the
parameters examined. All comparisons were conducted at a 95%
confidence interval (P � 0.05).
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