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Introduction

Abstract. We are developing a label-free nanoscale photoacoustic tomography (nPAT) for imaging a single
living cell. nPAT uses a laser-induced acoustic pulse to generate a nanometer-scale image. The primary moti-
vation behind this imaging technique is the imaging of biological cells in the context of diagnosis without fluo-
rescent tagging. During this procedure, thermal damage due to the laser pulse is a potential risk that may
damage the cells. A physical model is built to estimate the temperature rise and thermal relaxation during
the imaging procedure. Through simulations using finite element methods, two lasers (532 nm at 5 ps pulse
duration and 830 nm at 0.2 ps pulse duration) were simulated for imaging red blood cells (RBCs). We demon-
strate that a single 5-ps pulse laser with a 400-Hz repetition rate will generate a steady state temperature rise of
less than a Kelvin on the surface of the RBCs. All the simulation results show that there is no significant temper-
ature rise in an RBC in either single pulse or multiple pulse illumination with a 532-nm laser with 219 W fluence.
Therefore, our simulation results demonstrate the thermal safety of an nPAT system. The photoacoustic signal
generated by this laser is on the order of 2.5 kPa, so it should still be large enough to generate high-resolution
images with nPAT. Frequency analysis of this signal shows a peak at 1.47 GHz, with frequencies as high as
3.5 GHz still being present in the spectrum. We believe that nPAT will open an avenue for disease diagnosis and
cell biology studies at the nanometer-level. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE)[DOI: 10.1117/1.JBO.21.7
.075009]

Keywords: photoacoustic imaging; nanoscale photoacoustic tomography; single cell imaging; red blood cells; label-free imaging.
Paper 160181R received Mar. 21, 2016; accepted for publication Jun. 21, 2016; published online Jul. 12, 2016.

signal that can be used to reconstruct images. The excitation

Since the breaking of the diffraction limit through the introduc-
tion of super-resolved fluorescence microscopy, optical micros-
copy has been brought into the nanoscale. It has become
possible then to image structures and phenomena at the nano-
scale using optical microscopy. The relevance of this achieve-
ment is difficult to overstate as it allows for the analysis of
an entirely different scale of objects in unprecedented detail,
for which these efforts were awarded a Nobel prize.
However, super-resolution techniques often rely on fluorescent
tagging or the use of external contrast agents for imaging, which
results in many disadvantages including, but not limited to, pho-
tobleaching, phototoxicity,! and small in vivo lifetimes.” As a
result, there is a very real interest in label-free nanoscale imag-
ing modalities in biomedical settings.*

Photoacoustic tomography (PAT) is a label-free imaging tech-
nique that has already seen applications in microscopic imaging.
This method circumvents the optical diffraction limit by instead
relying on a laser-generated acoustic signal for imaging. PAT
has seen applications in vascular biology,” neurobiology,'*!?
dermatology,'*'* opthamology,'>'® and other biological fields
since its conception.!” However, a three-dimensional (3-D) PAT
mechanism at the nanoscale has yet to see completion; single-
cell PAT has not yet been achieved.

In nanoscale photoacoustic tomography (nPAT), laser-
induced thermal excitation generates an ultrasound signal due
to thermoelastic expansion. The pulse deposits energy into the
specimen, which is partially converted into a detectable acoustic
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laser pulse is focused through a lens and achieves its lateral res-
olution through raster-scanning, similar to that used in PAM.
However, nPAT does not rely on the use of a transducer for sig-
nal detection or axial resolution. Instead, axial scanning is done
through the use of an optical delay line in a pump-probe setup.
A laser beam, dubbed the pump beam, is used to generate the
photoacoustic (PA) signal, which then travels to the surface of
the sample to induce a reflectivity change. At this point in time,
another beam, dubbed the probe beam, is reflected off the sam-
ple. The change in surface reflectivity can then be used to mea-
sure the PA signal instead of relying on an ultrasound transducer.
This detection method allows for theoretically infinite band-
width via the probe beam reflectivity. As a result, nPAT is
able to achieve even better resolution than PAM in the axial
direction, while matching the resolution of PAM in the lateral
directions.

Thermoelastic expansion comes with an associated temper-
ature rise, which must be carefully controlled and accounted for
during the imaging procedure.'® Photothermal cellular damage
is a common occurrence following laser irradiation,'°° and high
temperature rises have been a concern in similar experiments.'®
It is therefore crucial to demonstrate the thermal safety of nPAT
before its implementation in experiment.?'"?2

Red blood cells (RBCs) are particularly good candidates for
imaging via PAT. This is due to the high absorption of hemo-
globin at particular excitation wavelengths. The RBC’s structure
can then be imaged using nPAT, providing high optical contrast
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with ultrahigh resolution to image the mechanics of the RBC in
addition to its hemoglobin concentration distribution. This is
especially fortunate because RBC structural characteristics
are crucial to their function, and abnormalities are hallmarks
of a multitude of diseases, including protist infection, leukemia,
and anemia. In addition, the hemoglobin concentration distribu-
tion can be analyzed to come to conclusions about the internal
operations of the cell in different contexts.?®

In this article, we use finite element methods (FEM) to sim-
ulate the temperature rise and signal generation during nPAT of
an RBC. FEM has been useful in previous models of photo-
acoustic absorption and signal generation,”* so we believe
that its employment in the context of evaluating thermal safety
is capable of providing insight into the feasibility of nPAT. This
is a label-free method of obtaining nanoscale images by taking
advantage of optical contrast and ultrasonic resolution. We sim-
ulate this process using a 532-nm laser at a frequency of 400 Hz
with 219 W peak power and 5-ps pulse duration. We also sim-
ulate, for the sake of comparison, an 830-nm laser at a frequency
of 75 MHz, peak power of 1 kW, and pulse duration of 0.2 ps.
These simulations are performed in the interest of demonstrating
the feasibility of using this system to image RBCs without ther-
mal damage being a concern, while simultaneously generating a
large enough signal to provide high image resolution.

2 Methods
2.1 Red Blood Cell Geometry

Prior to simulation, a mathematical description is needed to
visualize and model the RBC shape. To this end, the work of
Evans and Fung® has been crucially important. The biconcave
shape with adjustments has been used by several researchers
when modeling the RBC for simulative purposes.’*~® The gen-
eral equation of the half-biconcave shape is summarized by
Chee et al.” as follows:

x=0.5sinw and z=[cy+c;sin?@+ c,sin*®]0.25D cos w,
where 0 < w < 7, ¢y = 0.207, ¢; = 2.003, ¢, = —1.123 and the
diameter is given as D. In this article, the diameter is set to 8§ ym
to match a typical healthy RBC.

The above equations yield the half biconcave shape in two
dimensions. The 3-D RBC shape can then be modeled as a solid
of revolution by rotating the two-dimensional (2-D) shape 2z
rad around the z-axis. A mesh for FEM simulation can then
be constructed within this shape to allow for 3-D FEM simula-
tions with adjustable spacing. The resulting shape is shown
in Fig. 1.

2.2 Physical Model of Temperature

Ultimately, the time evolution of the temperature, T(x,y, z, 1),
will be described by the 3-D heat equation, which can be solved
via finite difference methods. The equation to be solved is as
follows:

aT
PCygr =V - [kVT] = Qi (1)
where p is the density of the material, Cj, is the heat capacity at
constant pressure, k is the thermal conductivity of the material,
and Qj, is the incoming heat from the laser. The heat equation is
numerically solved using the initial condition that the temper-
ature at all points is equivalent to the average human body
temperature (310.15 K). In addition, the RBC exterior was
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Fig. 1 The 3-D shape of the simulation geometry, laser is incident
from the positive z direction. The ellipsoid in the center is the simu-
lated heat source.

maintained at a constant temperature, so the heat flux at the
surface could be calculated by applying the standard heat
flux equation gy = h(T. — T), where T is the temperature
inside the cell, % is the heat transfer coefficient [taken to be
250 W/(m?K) to match that of water—water], and T,y is the
external temperature held constant at 310.15 K.

The laser is introduced to the system in the form of a heat
source, depositing heat spatially according to its fluence. We
modeled a focused laser to reflect the heat distribution with
maximal accuracy. The laser can be incorporated into the system
by constructing the source term using the geometrical equations
of that of a focused Gaussian beam.

For a Gaussian beam focused at the origin and incoming
from the positive z direction, the heat deposited by the laser
manifests itself as a source term of the following form:

2 2
szgou—RC)A—z(@) exp [—z (—) }exp[—m—zs)],
TTW' w w
2)

where w is the beam’s spot size parameter and is dependent on z,
Wy is the minimum beam waist size, r is the distance from the
beam axis, A is the absorption coefficient, R, is the reflection
coefficient, z is the z position of the cell membrane that the laser
first contacts (to ensure that laser attenuation begins at the cor-
rect location), and Q) is the incident beam fluence. Equation (2)
comes from the intensity profile of a Gaussian beam, which can
be multiplied by the absorption coefficient and the absorbance to
yield the energy deposited per unit volume by the laser as a
function of space. Equation (2) can be multiplied by a time-
dependent triangle function as well, therefore simulating a
pulsed laser.

The heat source was spatially represented by an ellipsoid in
the center of the RBC, as shown in Fig. 1. The a and b semiaxes
of this ellipsoid were 0.1 ym, and the ¢ semiaxis was 0.4 ym.
This ellipsoid was the only source of heat in the system, and Q;,
was used to calculate the heat deposited at each point in the
mesh. Mesh sizing was set to a maximum element size of
0.05 ym and a minimum of 0.01 ym. The mesh was manually
made to be much denser in the center region where the heat
source ellipsoid was located.
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2.3 Acoustic Pressure Model

The PA signal was calculated using FEM coupling several dif-
ferential equations. This can be calculated by solving three
equations simultaneously: the heat equation, the strain equation
of motion, and the scalar wave equation in pressure acoustics.
These can be coupled by computing the thermal expansion and
then computing the resulting pressure wave generated by the
RBC membrane. The temperature output of the heat equation
is used to compute thermal expansion assuming the RBC
interior is a linear elastic material. The thermal expansion is
then used with the strain equation to compute the stresses
and strains across the RBC. Lastly, the resultant thermal stresses

Table 1 Simulation parameters and temperature calculation.

Parameter Value
A, 391.65 cm™!
R. 0.005
Numerical aperture 0.7

h 250 Wm=2 K-
k 456 Wm~" K-

p (RBC interior) 1125 kgm~2

C, (RBC interior) 3223.84 Jkg~' K1

Table 2 Simulation parameters and pressure calculation.

Parameter Value
A 391.65 cm™!
R. 0.005
Numerical aperture 0.7

h 250 Wm=2 K-
k 456 Wm~" K-

p (RBC interior) 1100 kgm~2

C, (RBC interior) 3223.84 Jkg~' K~!
Speed of sound (RBC interior) 1650 ms™!
Poisson’s ratio (RBC) 0.49

Coefficient of thermal expansion (RBC interior) 1.2 x 10~* K~

Young’s modulus (RBC interior) 200 Mpa

p (Water) 1000 kgm~3
C, (Water) 4182 Jkg~' K~!
Speed of sound (water) 1520 ms™!
Ratio of specific heats 1
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and strains at the surface are fed into the acoustic wave equation,
which finally outputs the resultant 2-D pressure distribution.

Initial values for temperature were set to 293.15 K, and the
heat source was defined according to the 2-D version of Eq. (2).
The simulation was done in 2-D as opposed to 3-D in the interest
of computation time, taking advantage of the axial symmetry of
the system. In this simulation, the laser pulse was given a
Gaussian profile as opposed to the triangle function temporal
distribution from the temperature simulations. A full table of
parameters can be found in Tables 1 and 2.

3 Results

3.1 Temperature Rise with Single Pulse

The temperature at three probe points [Fig. 2(a)] was observed
during the laser illumination. The simulation was run twice with
a laser focus at point a [Fig. 2(b)] and at point f [Fig. 2(c)]. In
either case, the temperature change in the case of a single pulse
was not significant enough to cause thermal damage,* reaching
a maximum value of about 317 K in the single pulse case, which
would decay back to very close to the original temperature of
310.15 within a nanosecond. This decay was present when
focusing the laser in both the center of the RBC (f) as well
as in the case of a focus located at @. The maximal temperature
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Fig. 2 (a) Probe locations «,f,y at the origin and at points (0, O,
+0.32) within the RBC. Axis scale in um, laser is incident from positive
z direction. (b) Temperature versus time of probe points for a single
pulse hitting the RBC focused at a. (c) Temperature versus time for
a single pulse hitting the RBC focused at j.
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Fig. 3 Steady state temperature at the focus of the laser as
a function of time.

at the focus was slightly higher in the case of laser focusing at o
as opposed to . This is to be expected since laser attenuation in
Eq. (2) was accounted for with the exponential z-dependent
decay, so the laser heat deposition was slightly attenuated upon
making contact with the RBC.

3.2 Temperature Rise with High Repetition Rate

The temperature change of repeated pulses is shown in the form
of the steady state temperature in Fig. 3. Here the word steady
state refers to the final (after a nanosecod has passed) temper-
ature rise observed in the single pulse temperature versus time
curves. That is to say, Fig. 3 is the temperature versus time with
the ephermeral temperature peaks from laser excitation being
omitted. It can be seen that the total increase in steady state tem-
perature is on the order of 0.01 K, which is a guarantee of ther-
mal safety over numerous pulses.*® It can also be seen that the
temperature peaks after a certain time has reached; this is due to
the heat contribution from earlier pulses diminishing at the same
rate that additional pulses heat the system, leading to a steady
state equilibrium temperature of <310.165 at the laser focus.

It becomes computationally inefficient to repeat this simula-
tion for extremely high repetition rates on the order of >1 kHz.
Therefore, for systems with higher pulse repetition rates, the
steady state temperature will need to be calculated theoretically.
Due to the linearity of solutions of the heat equation, the temper-
ature distribution of multiple pulses will simply be the sum of
single pulse temperature functions, 7(7), i.e., the multiple pulse
temperature T can be modeled as

N

T =Y Tt—ity).

i=1

where 7,4 is the time between pulses, N is the total number of
pulses being simulated, and 7 is the single pulse temperature
as a function of time.

Then, it is mathematically simple to obtain the multiple pulse
temperature evolution given the single pulse temperature evolu-
tion by overlapping the output with translated versions of itself.
The steady state equilibrium temperature for the laser should be
proportional to the pulse repetition rate. This allows us to sim-
ulate a single pulse temperature profile that we can overlap to
generate a multiple pulse temperature rise.
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Using this method, the steady state equilibrium temperature
was found of the 219-W picosecond laser with varying repeti-
tion rates. It was found that the picosecond laser could reach a
repetition rate on the order of 100 kHz without the steady state
equilibrium temperature rising significantly (3.5 K for 100 kHz).
Thermal damage can be characterized by equivalent minutes at
43°C, which is dependent on exposure time.*' The 219-W pico-
second laser does not reach 43°C in steady state; it can be con-
cluded that to have temperature rises high enough to cause heat
damage (assuming exposure times of a few seconds) to the
RBCs, the pulse repetition rate will need to be increased to
the order of several hundreds of kHz.

The steady state temperature rise for a femtosecond (830 nm,
pulse duration of 0.2 ps, 1 kW fluence, and 75 MHz repetition
rate) laser was also examined. The steady state equilibrium tem-
perature was calculated to be 6.3 K. This is much larger than the
temperature rise of the 219 W picosecond laser at 400 Hz and
even exceeds the theoretical steady state equilibrium tempera-
ture of the laser with a 100-kHz repetition rate. As a result,
the thermal safety of a 100-kHz laser with a fluence can be
more confidently guaranteed as compared with the femtosecond
laser at 75 MHz; the exposure time under which thermal safety
with this laser can be guaranteed will be lower than that of the
picosecond laser. In addition to this, the absorption of hemoglo-
bin at the femtosecond laser wavelength (830 nm) is lower than
at the femtosecond laser wavelength (532 nm), so the signal
strength per watt of fluence will be weaker with this laser.

3.3 Spatial Distributions of Temperature Rise in
a Single Cell

The spatial distribution of the temperature is also relevant and
can be analyzed via the generation of volume temperature plots.
In the single pulse scenario, it is easiest to analyze the spatial
temperature distribution at the peak of the temperature rise.
Figure 4 shows the spatial temperature distribution with time
with a single pulse illumination. It can be seen that the temper-
ature rise is very localized in a small part around the center of the
RBC. This is shown in Fig. 5 where the location of the highest
temperature is displayed (the rest of the cell did not see a

Time=7.5E-12's Volume: Temperature (K) o

A 336

335
330
325
320
315

¥ 310

Fig. 4 The spatial distribution of the temperature at the time of peak
temperature rise through single pulse illumination. Video 1, MPEG,
1.1 MB) [URL: http://dx.doi.org/10.1117/1.JB0O.21.7.075009.1.].
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Focal Point

0.2pum

Fig. 5 Peak temperature rise in center region of the RBC after
repeated pulsed illumination by laser. Laser is incident from positive
z direction. Colorbar legend is in Kelvin.

significant difference from the initial temperature rise at the time
of peak temperature at the focus). In this case, it is clear to see
that some areas actually exceed the temperature at the focal
point, as illustrated by the red coloring. This can be attributed
to the fact that the focus lies toward the top of the figure and is
not directly in the center; as a result, there is a larger heat sink in
the negative z direction than there is in the positive z direction.
The positive z portion of Fig. 5 then does not have as large a
capability of dissipating incident heat away from peaks.
Nevertheless, this peak is still ephemeral and only on the
order of a 10-K rise from equilibrium, still not enough to
cause thermal damage to the RBC when the duration is taken
into account. It can be seen that the change in temperature is
localized to the area around the focus, which would explain
its fast dissipation and decrease. However, the temperature
did not see any significant rise from the equilibrium.

In the case of multiple pulses, it makes the most sense to
analyze the maximal equilibrium temperature as opposed to
the ephemeral peaks (which were ill-behaved due to the larger

0.1425568

z (um)

0.1425567

Fig. 6 Spatial distribution of temperature deviation (from initial tem-
perature) immediately following (0.001 s) after the final pulse in the
multiple pulse temperature simulation. Colorbar legend is in Kelvin.
It is to be noted that the temperature scale here is much finer
than that from previous figures, not even covering an entire uK in
difference.
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time-step size in computing this many pulses). While there is not
a drastic change (~0.1 xK) in the temperature in this context, it
is still useful to illustrate this spatial distribution to analyze the
pattern of heat flow in the cell. This is shown in Fig. 6, where it
can be seen that the heat dissipates outward from the center and
that the ends of the cell remain at the environmental temperature
even in the face of a 400-Hz laser. The simulation shows that
under repeated irradiation by a laser, the temperature rise in
an RBC is ~0.1 K, which is not large enough to cause thermal
damage in nPAT.

This simulation was also repeated for multiple pulses striking
the RBC, such that the temperature evolution could be studied
over time. The results are shown in Fig. 3, which shows the
relaxation temperature over time as the RBC is hit with a series
of laser pulses focused at the green probe point. This temper-
ature did not result in more than a 10 mK change in temperature
rise. The peaks did not last longer than single nanoseconds, so
they were omitted in the context of data presentation. This data
set shows that the temperature at the focus does not show a sig-
nificant rise during PA imaging and should be indicative of the
safety of the nPAT system at the specified fluence levels.

3.4 Signal Generation and Detection

In the 2-D case, the RBC was encased in a coupling medium
(which was taken to be water). PA wave amplitude was moni-
tored at a probe point located at (8,0) using the center of the
RBC as the origin, as shown in Fig. 7(a). It can be seen in
Fig. 7(b) that the generated PA pressure at this probe point
from the laser pulse of the same fluence as in the temperature
simulations reaches more than 2.5 kPa in magnitude. To prop-
erly measure this signal, the noise of the system must be known,
but these simulation results show that at this probe point a signal
of appreciable magnitude will be generated by the laser pulse.

The composition of the signal can be analyzed via spectral
analysis. This is done in Fig. 7(c), which shows the frequency
spectrum of the signal. The peak of this frequency spectrum
occurs at a frequency of 1.47 GHz, with signals of considerable
amplitude at frequencies as high as 3.5 GHz. The axial resolu-
tion is given as

R, = 0.88v,/f.

where v is the velocity of sound and fis the frequency.*? Using
the speed of sound in water and a frequency as high as 3.5 GHz,
yields R, ~ 373 nm, which is suitable for nanoscale imaging.
The spatial propagation of the PA waves is also important to
analyze, and the pressure waves can be represented in a surface
plot for particular times. In the context of ensuring that the PA
signal from the laser is large enough to measure, the time of
highest PA signal amplitude at the probe point is a sensible
time at which to examine propagation. A plot of the pressure
distribution is given in Fig. 8. The wavefront can be seen after
it has propagated outward from the center of the RBC (at which
the laser is focused), and the pressure wave is seen to be origi-
nating from the center of the cell symmetrically outward.

4 Discussion

To cause thermal damage to biological tissue, the temperature
must have an instantaneous rise of >150 K or a cumulative tem-
perature rise of 43 K for a sustained period of time.3'333
Simulations of the temperature change induced by a laser
with 219-W peak power show that the temperature rise is not
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Fig. 7 (a) Location of probe point relative to RBC, (b) PA pressure at probe point versus time, and (c) FFT
of the signal showing frequency spectrum of the signal.
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Fig. 8 PA pressure spatial distribution at time of peak amplitude at
probe point, RBC shown in white; the remaining area is all modeled
as a uniform continuity of water. Units of x and y axes are in um.

high enough to induce thermal damage in an RBC. This is dem-
onstrated by the fact that a laser focused directly onto the RBC
does not display a large temperature change once the heat equa-
tion has been solved with FEM.

The PA signal generated by such a pulse was shown to be on
the order of kPa, so these simulation results show that the laser
should be capable of generating a measurable PA signal while at
the same time ensuring that the RBC does not become damaged
due to high temperature rises.

These simulations demonstrate the feasibility of an nPAT sys-
tem to generate PA images of an RBC. Such a system could be
used to look into RBCs with high resolution without the need for
contrast agents (due to the high absorption coefficient of hemo-
globin). We believe that nPAT will be a modality for disease diag-
nosis and understanding of cell biology at the nanometer-level.

The single-pulse case maximum fluence can be taken to be as
high as on the other of 1 kW. In this situation, the ephemeral
temperature rise immediately following excitation can be up
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to 5 K, but the steady state temperature rise is still quite low.
As RBC thermal damage depends greatly on exposure time,*
it is predicted that this should not result in thermal damage
to the RBC. However, the instantaneous temperature rise
with a MW fluence laser was several hundreds of degrees.
Therefore, the maximum fluence for a single pulse should be
on the order of 1 kW for the RBC to avoid thermal damage.

The single pulse maximum allowed repetition rate was found
to be 100 kHz for a 219-W laser (532 nm and 5-ps pulse dura-
tion), with a steady state temperature rise of 3.5 K. In contrast, a
femtosecond laser at 830 nm with a repetition rate of 75 MHz
was found to induce a temperature rise on the order of 6 K. The
absorption of the 532-nm laser is also much larger in hemoglo-
bin, so it could be suggested that the signal generated by each
pulse would be of stronger amplitude than in the 830 nm case.

A future direction of this work would be the development of
the nPAT system to image RBCs at nanoscale resolutions.
Having gained confidence in the thermal safety of the system,
we can now proceed to experiment and report on our results after
the development of nPAT. nPAT can be employed in the future to
image at the nanoscale in 3-D, which has not yet been demon-
strated in any ultrasound system. nPAT can be applied to image
any cells with appropriate contrast agents (natural or artificial),
such as RBCs, cell nuclei, leukemias, anemias, plasmodium
infected cells, and more. Currently, we plan to follow up our
simulations with experimental results imaging zebrafish RBCs
to demonstrate the imaging capabilities of nPAT in biomedical
contexts.
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