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ABSTRACT: We demonstrate high contrast optical-resolution photoacoustic
microscopy (OR-PAM) imaging by using biocompatible, indirect band gap silicon
nanoparticles (SiNPs) as contrast agents. The SiNPs were synthesized by high-
energy ball milling of crystalline silicon wafers, followed by hydrosilylation with
bifunctional olefinic ligands to enable water solubility and bioconjugation. When
uniformly dispersed in water, the SiNPs with an average particle size of about 114
nm showed remarkably high extinction coeflicients, more than 2 X 10° M em™
from the visible to near-infrared spectral range. For the first OR-PAM imaging
demonstration, the SiNPs were microinjected to live zebrafish embryonic cells. As
the embryo developed, the distribution of the cells carrying the SiNPs can be clearly
traced by the spread of the photoacoustic signals. Second, photoacoustic-
fluorescence dual-modality imaging was demonstrated on live zebrafish larvae
which were microinjected with a mixture of the SiNPs and dextran-rhodamine dyes.
Due to the large difference in size, the two agents exhibited very different
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biodistributions after being injected at the same instant. Third, immuno-photoacoustic imaging, as an autofluorescence-free
alternative to the conventional immunofluorescence imaging, was demonstrated on SKOV-3 cancer cells immunostained with
the anti-HER2-conjugated SiNPs. Lastly, advantages of the SiNPs compared to other photoacoustic contrast agents were

characterized and discussed.
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B INTRODUCTION

Photoacoustic imaging, which converts pulsed optical waves
into informative ultrasonic emissions, is an emerging
biomedical imaging modality due to its noninvasiveness, use
of nonionizing radiation, and capability of achieving high
contrast while maintaining a good balance between spatial
resolution and penetration depth.'™ Photoacoustic micros-
copy (PAM), as a subset of photoacoustic imaging, employs
point-by-point scanning to detect the acoustic waves resulting
from the light absorption and the thermoelastic expansion of
biological tissues.* A two-dimensional image can be obtained
by raster scanning with no need for a complex reconstruction
algorithm.

Depending on whether a focused ultrasound transducer for
acoustic detection or a focused pulsed laser for photoacoustic
excitation is used, PAM can be further categorized into
acoustic-resolution PAM (AR-PAM) and optical-resolution
PAM (OR-PAM), respectively.”® AR-PAM overcomes the
main limitations in traditional optical microscopy, namely,
optical diffraction and tissue scattering, by utilizing diffused
photons for excitation, which penetrate tissues beyond the
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optical transport mean free path (about 1 mm), and by
harnessing ultrasonic waves for imaging, which are far less
scattered by tissues than optical light.” The spatial resolution of
AR-PAM is typically tens of micrometers. On the other hand,
OR-PAM enables higher spatial resolution up to several
micrometers at the expense of smaller penetration depth.® In
recent years, PAM has been widely applied to various
biomedical imaging and sensing applications, such as the
observation of oxyhemoglobin saturation and blood flow and
diagnosis of breast cancer and melanoma.®™""

The contrast in photoacoustic imaging stems from the fact
that individual constituents of biological tissues have different
optical absorption characteristics. Based on endogenous light
absorbers, such as hemoglobin, fat, and melanin, photoacoustic
imaging can reveal not only the anatomical structures but also
the physiological functions of tissues.'' For example, tumors
with blood perfusion owing to angiogenesis and hypoxia
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Scheme 1. Synthesis and Functionalization of the SiNPs
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Figure 1. (A) DLS particle size distributions of the sulfonate-terminated SiNPs (blue line) and the BSA-coated SiNPs (green line) in water,
respectively. (B) TEM image of an ensemble of the SiNPs. (C) High-resolution TEM image focused at the surface of one representative SiNP. (D)
Extinction coefficient spectrum of the sulfonate-terminated SiNPs in water. Inset: photographs of the SiNP suspensions in water with
concentrations equal to S and 50 ug mL™", respectively. (E) ATR-FTIR spectra of the sulfonate-terminated SiNPs (red line), the BSA-coated SiNPs

(blue line), and pure BSA powder (gray dashed line), respectively.

usually exhibit stronger photoacoustic signals compared to the
normal tissues.'> However, when the biological tissues cannot
efficiently absorb excitation light, employing exogenous light
absorbers as contrast agents becomes necessary.

Previously, organic compounds having strong infrared
absorption, such as indocyanine green (ICG), polypyrrole,
and Prussian blue, have been used as contrast agents in
photoacoustic imaging, by which angiography of animal brain
vasculature has been demonstrated."*™"> On the other hand,
inorganic noble-metallic nanostructures with surface plasmon
resonance (SPR)-enhanced absorption, such as gold nanoc-
ages, silver nanoplates, silver bumpy nanoshells, and core—shell
palladium—gold nanoplates, have also been applied as
photoacoustic contrast agents for various in vivo imaging
applications, including tomography of the cerebral cortex,
visualization of tumors, and identification of lymph nodes.'®™"
Furthermore, photoacoustic molecular imaging using carbon
nanotubes has been realized.”” However, so far relatively less
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attention has been given to photoacoustic contrast agents
based on semiconductors.”'

In this work, we demonstrate high contrast and high-
resolution OR-PAM imaging of zebrafish and cancer cells by
using silicon nanoparticles (SiNPs) as contrast agents. Owing
to the indirect band gap nature of silicon, the pulsed excitation
light absorbed by the SiNPs is efficiently converted into heat,
which in turn causes the thermoelastic expansion of biological
tissues and the emission of ultrasonic waves. Compared to the
organic dyes, the SiNPs as light absorbers are less vulnerable to
photobleaching and have higher extinction coeflicients due to
silicon’s large transition dipole moments and high refractive
indices at the optical wavelengths.”” Furthermore, the silicon-
based nanomaterials in general are more biocompatible than
the noble-metal- or carbon-based ones**~*° and have versatile
surface chemistry for functionalization.”® It is worth mention-
ing that mesoporous SiNPs have also been used as
encapsulating structures for the loading of molecular photo-
acoustic contrast agents.27
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Figure 2. (A) Bright-field (BF) and photoacoustic (PA) images of the “JI” pattern fabricated by self-assembly of the SiNPs on a photolithography-
patterned glass substrate. The signal-to-background ratio is defined as the average signal intensity in the green square area versus the average signal
intensity in the blue square area. The “JI” stands for the “UM-SJTU Joint Institute”. Here the energy of the 532 nm focused laser pulses for optical
excitation was about 30 nJ per pulse at 1 kHz. (B) Photoacoustic images and signal-to-background ratios of the SiNP suspensions in water with
different concentrations. The SiNP suspensions were loaded in clear plastic tubes with inner diameters equal to 0.5 mm. The photoacoustic signals
measured by the hydrophone have the unit of millivolts (mV). At 0 g mL™", the signal-to-background ratio was close to one, showing that the
photoacoustic signal resulting from the empty tube is indistinguishable as compared to the background. Here the energy of the 532 nm focused
laser pulses for optical excitation was about 150 nJ per pulse at 1 kHz.

Here the SiNPs were synthesized by high-energy ball milling
of crystalline silicon wafers (Scheme 1). The top-down
approach can easily mass produce monodisperse SiNPs,
while ensuring each nanoparticle has high crystallinity. After
surface functionalization, the SiNPs became water-soluble and
able to be conjugated with biomolecules for various OR-PAM
imaging applications, including tracing of live zebrafish
embryonic cells microinjected with the sulfonate-terminated
SiNPs, photoacoustic-fluorescence dual-modality imaging of
live zebrafish larvae microinjected with a mixture of the bovine
serum albumin (BSA)-coated SiNPs and dextran-rhodamine
dyes, and immuno-photoacoustic imaging of cancer cells
immunostained with the antibody-conjugated SiNPs. These
results suggest that the surface-functionalized SiNPs can be
used as benign and efficient photoacoustic contrast agents for a
wide variety of biomedical applications.

B EXPERIMENTAL RESULTS

Synthesis and Characterizations of the SiNPs. The synthesis
and functionalization of the SiNPs are illustrated in Figure SI and
described in detail in the Experimental Section of the Supporting
Information. After high-energy ball milling (Figure S1A), followed by
hydrosilylation with 10-undecen-1-ol (UDO) and surface treatment
by chlorosulfonic acid (Figure S1B), the sulfonate-terminated SiNPs
were highly hydrophilic and able to maintain uniform and stable
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suspension in water. The dynamic light-scattering (DLS) particle size
distribution revealed that the vast majority of the SiNPs had sizes less
than 200 nm, with an average particle size of about 114 nm (blue line
in Figure 1A). The transmission electron microscopy (TEM) images
showed that the SiNPs were characterized with irregular shapes
(Figure 1B) and polycrystalline surfaces (Figure 1C). The SiNP
surface was slightly porous, with the specific surface area equal to
122.6 m* g”', as measured by a standard Brunauer—Emmett—Teller
(BET) method. The X-ray powder diffraction (XRD) analysis further
confirmed that the SiNPs were polycrystalline, despite the fact that
their source material, the silicon wafer, was single crystalline (Figure
$2).>® Such a transformation of crystallinity may be caused by the
change of surface strain during the milling process, which was also
observed for the milled Ti,O; nanoparticles.””

It is worth mentioning that in the literature prolonged high-energy
ball milling has also been applied to scale down the sizes of porous
silicon nanoparticles and to fabricate luminescent silicon quantum
dots.*>3" In this work, since the SiNPs were used as light absorbers
rather than emitters, the milling condition was controlled in such a
way that the resulting particle sizes, as shown Figure 1A, were
comparable to the excitation wavelength for enhanced light-scattering
and trapping effects. Furthermore, due to the high refractive indices of
silicon at the optical wavelengths, which can potentially lead to Mie
resonance,’” the SiNPs in water showed high extinction coefficients,
particularly about 6.5 X 10'° M™' cm™ at 532 nm, which was the
excitation wavelength used for the OR-PAM imaging in this work
(Figures 1D and S3). As a comparison, plasmonic gold nanoparticles
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Figure 3. Time-lapse bright-field (BF) and photoacoustic (PA) images of a representative zebrafish embryo at (A) 0 h, (B) 2 h, (C) 4 h, and (D) 6
h after its embryonic cells were microinjected with the sulfonate-terminated SiNPs. The O h is set as the time when the imaging started. The blue
arrow indicates the microinjection site. The scale bars are 200 ym. Here the energy of the 532 nm focused laser pulses for optical excitation was

about 200 nJ per pulse at 1 kHz.

in water with 34 nm diameter showed an extinction coefficient of
about 6.1 X 10° M~ cm™ at 506 nm.*

The SiNPs can be conjugated with biomolecules through a
standard amide bond formation reaction (Figure SIC). The surface
chemistry of the sulfonate-terminated and the BSA-coated SiNPs was
characterized by using Fourier-transform infrared spectroscopy with
attenuated total reflection (ATR-FTIR), respectively. The sulfonate-
terminated SiNPs (red line in Figure 1E) showed a primary infrared
absorption peak at 1100 cm™" (Si—O—S$i stretching), in combination
with other minor peaks at 1350 cm™' (S=O stretching), 1450 cm™
(C—H deformation), 2100 cm™" (Si—H stretching), 2855 and 2925
em™' (C—H stretching), and 3300 cm™ (O—H stretching). These
peaks represent the intrinsic surface chemistry of the SiNPs and
confirm the alkyl passivation and sulfonate terminations. Particularly,
the 1100 cm™ absorption peak associated with the Si—O—Si bonds
was also found in photoluminescent silicon quantum dots.*”** On the
other hand, the infrared absorption spectrum of the BSA-coated
SiNPs (blue line in Figure 1E) was essentially a combination of the
absorption spectra from pure BSA powder (gray dashed line in Figure
1E) and the sulfonate-terminated SiNPs. Furthermore, with the BSA
coating, the average particle size of the SiNPs increased from about
114 nm of the sulfonate-terminated SiNPs to about 129 nm (green
line in Figure 1A). Both results confirm that the BSA molecules were
indeed conjugated to the SiNP surfaces.

Photoacoustic Imaging with the SiNPs as Contrast Agents.
Prior to imaging of biological samples, the efficacy of the SiNPs as
photoacoustic contrast agents was verified by using a customized OR-
PAM imaging system (Figure S4). First, the sulfonate-terminated
SiNPs were deposited on a photolithography-patterned glass substrate
by electrostatic layer-by-layer self-assembly. Under the bright field, the
“II” pattern formed by the self-assembled SiNPs exhibited slightly
darker color as compared to the glass background, with a grayscale
signal-to-background ratio of about 1.2 (Figure 2A). In contrast,
under the OR-PAM, the “JI” pattern obviously stood out from the
background, and the photoacoustic signal-to-background ratio
drastically improved to about 7.7 (Figure 2A). Furthermore, the
“JI” geometry obtained under the OR-PAM was identical to that
obtained under the bright field, showcasing the high-resolution
capability of the OR-PAM imaging system (Figure SS). Second, the
photoacoustic images of the SiNP suspensions in water with different
concentrations were obtained, and the corresponding photoacoustic
signal-to-background ratios were measured (Figure 2B). For the SiNP
concentration as low as 40 pug mL7', a well-detectable signal-to-
background ratio of more than S5 was able to be achieved.
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Furthermore, the signal-to-background ratio linearly increased as the
SiNP concentration increased. In comparison, under the same
imaging conditions, a similar contrast can also be achieved by using
gold nanospheres as the contrast agents, but with the molar
concentration of the gold nanospheres much higher than that of the
SiNPs (Figure S6).

Tracing of Zebrafish Embryonic Cells. Cell tracing in stem cell
research is an important technique to identify the location of
implanted cells and distinguish them from endogenous cells.*® Apart
from the current approaches, such as loading with fluorescent probes,
expressin% fluorescent proteins, and gene sequencing of cellular
barcodes,”® in this work we demonstrate a novel cell tracing method
based on OR-PAM. We used the SiNPs as the high-contrast tracer
and live zebrafish embryos as the model (Figure 3). First, the
sulfonate-terminated SiNP suspension in water was microinjected to
the zebrafish embryonic cells. The injected embryo was further
incubated for 1.5 h and then fixed in low melting agarose gel and put
under the OR-PAM imaging system (Figure S4) for acquiring the
time-lapse photoacoustic images. As the embryo developed and the
embryonic cells proliferated, the locations of the cells carrying the
SiNPs can be clearly traced by the spread of the photoacoustic signals
(Figure 3A to 3D). Since the photoacoustic signals matched well with
the locations of the cells shown in the bright-field images and only a
portion of the cellular part of the embryo carried obvious
photoacoustic signals, the spread of the SiNPs should be mainly
due to cell division rather than diffusion. No adverse effects due to the
microinjection had been observed as compared to the normal
embryos. While the cell tracing can also be accomplished by using
fluorescent probes, such as dextran-thodamine dyes (Figure S7), the
contrast was hampered by autofluorescence which is usually most
prominent at the yolk sac of a zebrafish embryo. Even with proper
optical filters applied, the yolk sac autofluorescence was still
noticeable, and only a moderate fluorescence signal-to-background
ratio of about 7.5 was achieved (Figure S7A). In contrast, under the
OR-PAM, no detectable signal was found at the yolk sac where there
was no SiNP, yielding a much higher photoacoustic signal-to-
background ratio of about 44.6 (Figure S7B).

Photoacoustic-Fluorescence Dual-Modality Imaging of
Zebrafish Larvae. Photoacoustic and fluorescence are two imaging
modalities different in contrast mechanism but potentially comple-
mentary to each other. Previously, heterostructured probes, such as
peroxynitrite-sensitive CySO;CF;, fluorogens with aggregation-
induced emission and dye-loaded perfluorocarbon nanoparticles,
have shown the synergies between the two imaging modalities on
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Figure 4. Bright-field (BF), photoacoustic (PA), and fluorescence (FR) images of zebrafish larvae microinjected with a mixture of the BSA-coated
SiNPs and dextran-thodamine dye at (A and B) the lower trunk, (C and D) the upper trunk, and (E and F) the heart regions, respectively. The
different rows correspond to different zebrafish samples. The blue arrows indicate the microinjection sites. The scale bars are 500 ym. Here the
energy of the 532 nm focused laser pulses for optical excitation was about 150 nJ per pulse at 1 kHz.
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Figure S. Bright-field (BF) and photoacoustic (PA) images of (A) the SKOV-3 cancer cells treated with the anti- HER2-conjugated SiNPs and (B)
the SKOV-3 cancer cells only. The scale bars are 25 ym. Here the energy of the 532 nm focused laser pulses for optical excitation was about 100 nJ

per pulse at 1 kHz.

various biological samples.”’ > In this work, we demonstrate
photoacoustic-fluorescence dual-modality imaging of live zebrafish
larvae which were microinjected at different locations with a premixed
mixture of the BSA-coated SiNPs and dextran-rhodamine dyes
(Figure 4). The SiNPs were coated with BSA for the better antifouling
property.”’ Experimentally, when the sulfonate-terminated SiNPs
were used instead, aggregates of the SiNPs and dye molecules were
formed prior to the microinjection, likely due to strong ionic
interaction between the two materials. In contrast, the BSA-coated
SiNPs maintained very stable suspension before and after mixing with
the dextran-rhodamine dyes. The injected larvae were further
incubated for 30 min, fixed in low melting agarose gel, and then
put under a macrozoom fluorescence microscope (Olympus MVX10)
and the OR-PAM imaging system (Figure S4) for acquiring the
fluorescence and photoacoustic images, respectively. No adverse
effects due to the microinjection had been observed as compared to
the normal larvae. Due to the large difference in size, the two agents
exhibited very different biodistributions after being injected at the
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same instant. In contrast to the dye molecules which diffused in the
tissues and circulated over the whole fish body quickly, the BSA-
coated SiNPs were mostly contained in vessels or tissues around the
injection sites within a few hours after injection. For example, when
injected at the lower trunk region, the BSA-coated SiNPs were found
evenly distributed in a short range of trunk lymphatic networks or
intersegmental vessels (Figure 4A and 4B). On the other hand, when
injected at the upper trunk region, the BSA-coated SiNPs were
essentially trapped in the muscle tissues close to the injection sites
(Figure 4C and 4D). In contrast, here the dextran-rhodamine dyes
showed different fluorescence signal distributions, likely because in
one case the injection happened primarily in the muscle tissue (FR in
Figure 4D), while in the other case the injection reached near a vessel
of the zebrafish circulatory system (FR in Figure 4C). Interestingly,
when injected at the heart region, the BSA-coated SiNPs did not
circulate along with the dye molecules, likely because they were
immediately retained by the nearby liver, which as a mononuclear
phagocytic system (MPS) organ filters circulating nanoparticles
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(Figure 4E and 4F).* In addition to the particle size, another possible
cause for the relatively contained biodistributions observed for the
SiNPs might be their BSA coatings, which as foreign proteins may
induce immune response in the injected zebrafish which can further
enlarge the particle size and impede the movement of the SiNPs.
Having two drastically different biodistributions displayed by two
complementary imaging modalities can be helpful to pharmacokinetic
studies on how the particle size affects the absorption, distribution,
and excretion of the agents.

Immuno-Photoacoustic Imaging of Cancer Cells. The
diagnostic accuracy of the immunofluorescence technique is greatly
affected by autofluorescence. Previously, several approaches have been
proven effective to alleviate the issue, such as using fluorophores
emitting in the near-infrared wavelengths where the autofluorescence
is relatively weak and removing the short-lived autofluorescence by
time gating.*"** By taking advantage of OR-PAM’s high contrast
attribute, in this work we demonstrate immuno-photoacoustic
imaging which is exempt from autofluorescence (Figure S). First,
SKOV-3 cancer cells which overexpress HER2 antigens were
immunostained with the anti-HER2-conjugated SiNPs. After being
fixed with paraformaldehyde and washed by phosphate-buffered saline
with Tween-20 (PBST), the cells were put under the OR-PAM
imaging system (Figure S4) for acquiring the photoacoustic images.
The SKOV-3 cancer cells treated with the anti-HER2 conjugated
SiNPs showed obvious photoacoustic signals on the cell membranes
(Figure SA), whereas no photoacoustic signals were found for the
cells only (Figure SB). In comparison, CHO cells without HER2
antigens were also treated by the anti-HER2 conjugated SiNPs
following the same procedure, but only weak and randomly
distributed photoacoustic signals due to the nonspecific binding
were observed (Figure S8). Furthermore, no photoacoustic signal was
detected for either SKOV-3 or CHO cells treated by the BSA-coated
SiNPs, showing that it was the conjugation with anti-HER2 that
resulted in the accumulation of the SiNPs on the SKOV-3 cells
(Figure S9). The above results show that the immuno-photoacoustic
imaging can be an autofluorescence-free alternative to the conven-
tional immunofluorescence imaging.

Comparison between the SiNPs and Other Photoacoustic
Contrast Agents. Compared to other types of photoacoustic
contrast agents which might also be able to demonstrate similar
functionalities as shown here, the SiNPs possess three main
advantages, including high photothermal stability, wide photoacoustic
excitation range, and low cytotoxicity. After repeated (36 times)
photoacoustic imaging of the same SiNP suspension by using the 532
nm focused laser pulses with relatively high power (100 or 200 nJ per
pulse, 1 kHz), about 40% of the photoacoustic signal intensity was
able to be conserved (Figure S10). When the power of the laser pulses
was relatively low (20 nJ per pulse, 1 kHz), the signal intensity can be
very stable throughout numerous raster scanning cycles (Figure S11).
In comparison, the infrared absorbing dyes (e.g,, ICG) and the noble-
metallic nanostructures (e.g., gold nanorods), when used as
photoacoustic contrast agents, may have less photothermal stability
because of yhotobleaching and change of surface plasmon resonant
structures.*** Furthermore, the SiNPs maintain high extinction
coefficients (more than 2 X 10'® M™' cm™) from the visible to near-
infrared spectral range (Figure 1D), and the photoacoustic signal
intensity is nearly proportional to the extinction coefficient (Figure
S12), suggesting that the SiNPs can be efficient photoacoustic
contrast agents with not only visible but also near-infrared
photoexcitation. To confirm this, we demonstrate AR-PAM imaging
of a thin SiNP-loaded tube buried underneath a chicken breast layer
with the thickness of about 2—3 mm by using 670 and 770 nm laser
pulses, respectively (Figure S13). The AR-PAM imaging system is
illustrated in Figure S14. Compared to the OR-PAM, the AR-PAM
imaging achieves higher penetration depth but lower spatial
resolution. With the chicken breast thickness of about 2 mm, which
is larger than the optical transport mean free path (about 1 mm), clear
images of the SiNPs can be obtained by using either excitation
wavelength. However, as the thickness gradually increased to about 3
mm, the photoacoustic signal intensity decreased accordingly. Lastly,
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the cytotoxicity of the SiNPs was evaluated by a cell viability assay
(Figure S15). The BSA-coated SiNPs exhibited an inhibitory particle
concentration, corresponding to 50% cell viability (ICs,), about 105
ug mL™', which is comparable to the ICs, of other silicon
nanomaterials and higher than the ICs, of other heavy metal
containing quantum dots (about 10 to 20 ,ug/mL).“

B CONCLUSION

In summary, we demonstrate high contrast and high-resolution
OR-PAM imaging by using the SiNPs as contrast agents. The
SiNPs were synthesized by high-energy ball milling of
crystalline silicon wafers, followed by hydrosilylation with
bifunctional olefinic ligands to enable water solubility and
bioconjugation. The SiNPs with irregular shapes had an
average particle size of about 114 nm. The SiNP surfaces were
polycrystalline and slightly porous, with the specific surface
area equal to 122.6 m® g~'. Furthermore, the SiNPs in water
showed remarkably high extinction coeflicients, particularly
about 6.5 X 10 M~ em™ at 532 nm, which was the
excitation wavelength used for the OR-PAM imaging in this
work. The intrinsic surface chemistry of the SiNPs was
predominantly associated with the Si—O—Si bonds (1100
cm™'), and the conjugation to biomolecules, such as BSA and
antibodies, was accomplished through the amide bond
formation reaction. Different OR-PAM imaging applications
based on the surface-functionalized SiNPs were demonstrated,
including (1) tracing of live zebrafish embryonic cells
microinjected with the sulfonate-terminated SiNPs, (2)
photoacoustic-fluorescence dual-modality imaging of live
zebrafish larvae microinjected with a mixture of the BSA-
coated SiNPs and dextran-rthodamine dyes, and (3) immuno-
photoacoustic imaging, as an autofluorescence-free alternative
to the conventional immunofluorescence imaging, of cancer
cells immunostained with the antibody-conjugated SiNPs.
Lastly, the photothermal stability, photoacoustic excitation
range, and cytotoxicity of the SiNPs were characterized, and
additional AR-PAM imaging of the SiNPs buried underneath a
chicken breast layer with the thickness larger than the optical
transport mean free path (about 1 mm) was demonstrated.
These results suggest that the surface-functionalized SiNPs can
be used as benign and efficient photoacoustic contrast agents
for a wide variety of biomedical applications.
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