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Abstract. We present a dual-modality system for both structural and molecular cell imaging based on coregis-
tered quantitative phase imaging (QPI) and photoacoustic microscopy (PAM). The QPI system was based on
off-axis holography, whereas the PAM system comprised a sinusoidally modulated optical source for excitation
and a narrow-band low profile and low-cost ring ultrasonic transducer for detection. This approach facilitated
a simple confocal alignment of the excitation beams of both modalities and the ultrasonic detector. This system
was demonstrated by imaging endogenous molecules in red blood cells (RBCs) as well as by imaging exog-
enous molecular labels on cancer cells using gold nanoparticles (GNPs) functionalized to target epidermal
growth factor receptor. QPI provided high resolution imaging of the cellular structures while PAM provided
molecular contrast. This dual-modality microscopy method can potentially be implemented as a compact
and low cost cellular diagnostic assay. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported

License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
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1 Introduction
Photoacoustic (PA) microscopy (PAM) has been applied to cel-
lular molecular imaging based on either endogenous contrast
agents, such as hemoglobin, melanin or DNA/RNA,1–4 or exog-
enous contrast agents. The later included dyes and a variety of
nanoparticles, in particular gold nanoparticles (GNPs).5–8 In
PAM, the light absorbed by the target generates thermoelastic
expansion, producing pressure waves which can be detected
using an ultrasonic transducer. Since the contrast in this tech-
nique originates from light absorption, there is a significant ad-
vantage for using GNPs, which have high, wavelength specific,
and often tunable optical absorption properties. Not only they
can yield increased contrast but they can also be functionalized
with antibodies and specifically bind to cancer cells, thus pro-
viding molecular contrast for cell imaging.9

However, cellular structure is typically not visible in PAM
since the signal originates from the GNPs and not from the cell
itself. To provide this missing information, previous studies
presented PAM images of cells tagged with GNPs coregistered
with either histology or dark-field images that required a sepa-
rate system.5,6 We have previously shown that quantitative
phase imaging (QPI) can provide high quality images of cellular
structure.10–13 In this paper, we present a dual-modality system
allowing simultaneous acquisition of QPI and PAM images, pro-
viding both structural and molecular information on the cell.
Skin cancer cells specifically tagged with GNPs functionalized
with anti-epidermal growth factor receptor (EGFR) were imaged
and compared to untagged cells to demonstrate molecular

contrast. This combination of QPI and PAM was also demon-
strated on RBCs by using hemoglobin as the source of contrast.

A unique aspect of our approach is the use of a low profile
and extremely low-cost piezo ceramic (PZT) ring for acoustic
detection. Confocal alignment of the optical beam and the
acoustic detector is often a challenge in PAM system design.
This problem was previously overcome by placing the trans-
ducer at an angle,5 by using an optical-acoustic combiner
which was optically transparent but acoustically reflective,1

or by using a dark-field illumination scheme, which allowed
room for the transducer underneath the optical objective.14

These methods inserted constraints on the system design
and made it more cumbersome. Ring ultrasonic transduc-
ers4,15,16 or optical ring resonators17 have also been suggested,
however, those described in the literature were custom-made
and, in some cases, relatively expensive. The PZT ring used
here has not been used before for PAM, it is commercially
available at a low cost of only a few dollars each, and its imple-
mentation for PAM detection allowed simple alignment of the
transducer and the optical beams.

The remainder of this paper is organized as follows: in Sec. 2,
the dual-modality imaging system is discussed, including analy-
sis of factors that impact the signal-to-noise ratio (SNR) in each
modality. In Sec. 3, the response and sensitivity of the ring trans-
ducer are analyzed. Next, coregistered QPI + PAM images of
RBCs and GNP tagged cancer cells are presented, followed
by a discussion in Sec. 4.

2 Experimental Setup and Methods
The imaging system incorporates two imaging modalities:
QPI and PAM, as illustrated in Fig. 1(a). The previously dem-
onstrated QPI system is based on off-axis holography.13 Light*Address all correspondence to: Adi Sheinfeld, E-mail: adi.sheinfeld@duke.edu
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from a 633-nm He-Ne laser is split into probe and reference
arms using a beam splitter, and the reference beam deviates
from the optical axis by a small angle of ∼1 deg. The probe
light, at an optical power around 20 μW, is transmitted through
the sample and collected via a 40× objective (Leica 440 Achro,
Numerical aperture ¼ 0.66) while the reference passes through
an identical objective lens and is combined with the probe using
a second beam splitter. The resultant interference pattern is
focused onto a monochrome charge-coupled device (CCD) (Flea
3, Point Grey). The QPI field of view is∼100 μm × 100 μm, thus
requiring no scanning for QPI imaging of a single cell or a few
cells in close proximity.

The final interference image included the summation of four
terms: the intensities of each individual field and the two terms
containing cross-correlated information. The linear phase differ-
ence between the arms due to the off axis reference field trans-
lated into a shift of the interference terms in the Fourier domain.
Digital spatial filtering of the Fourier transform of the image
isolated a single interference term. Following the filtering,
inverse Fourier transform was performed and the phase informa-
tion was retrieved from the complex signal. Next, a phase
unwrapping algorithm was applied to remove 2π ambiguities.
The unwrapping algorithm assumes a “smooth” phase profile,
meaning a phase change smaller than π between adjacent pixels.

This is a reasonable assumption for most images of biological
samples. Finally, a polynomial fit of the first degree was sub-
tracted from the resulting image to compensate for any tilting
of the sample and reveal the detrended phase delays caused
by the biological specimen. These image processing algorithms
have been elaborated in previous works.10,18 The resulting phase
delay is linearly related to the path length d and the refractive
index Δn:18

EQ-TARGET;temp:intralink-;e001;326;664ϕðλ; ~rÞ ¼ 2πΔnðλ; ~rÞdð~rÞ
λ

; (1)

where λ is the optical wavelength.
Assuming a shot-noise dominated image, the SNR should

be proportional to the square root of the exposure time and
the number of averaged images. However, the actual SNR was
lower due to coherent artifacts.18 These artifacts were partially
reduced by subtracting a background image without the cell.
For the cellular phase images, an exposure of 50 ms was imple-
mented, along with averaging 10 images. However, both could
be reduced if the light intensity was increased or if we compro-
mised for a lower SNR.

The PAM system includes a diode-pumped solid-state
(DPSS) 532-nm source (C531005FX, Laserglow Technolo-
gies), which is sinusoidally modulated using an acousto-optic
modulator (AOM; 1205C, Isomet) driven by an analog modu-
lation radio frequency (RF) driver (532C-L, Isomet). The beam
passes through a beam expander, allowing the beam diameter to
be varied from 2 to 10 μm. The beam is focused onto the sample
using the QPI probe objective and a notch filter is used to pre-
vent reflected light from the PAM beam from reaching the cam-
era. This filter can be removed in order to observe the location of
the PAM beam, which was partially reflected from the sample to
the camera, enabling coregistration of the two modalities before
each PAM measurement. The optical power of the PAM exci-
tation on the cell samples was around 3 mW.

An optical source modulated at frequency f with optical
intensity IðfÞ, focused on an absorbing target significantly
smaller than the acoustic wavelength will generate, via the
PA effect, a pressure amplitude at the same frequency:19

EQ-TARGET;temp:intralink-;e002;326;314pðr; fÞ ¼ −
if β
2Cpr

AIðfÞei2πfr∕vs ; (2)

where β is the thermal expansion coefficient, Cp is the specific
heat, vs is the speed of sound in the surrounding medium, A is
the fraction of light absorbed by the target, and r is the distance
between the absorber and the point of measurement. This theo-
retical value will be compared to the experimental measure-
ments in the following section.

The PA pressurewave is detected using a PZT-5H ring element
(Boston Piezo-Optics) with an inner diameter of 5.11 mm, wall
thickness of 1 mm, and height of 3 mm [Fig. 1(b)]. The PZT is
placed directly on the sample dish so both the PA and the QPI
beams go through its center and the PA detection is performed
on-axis. The PZT ring is connected to electrodes with a micro-
coax wire and the output signal is amplified (VCA2615, TI) and
demodulated using an RF spectrum analyzer (RFSA; E4411B,
Agilent). Since the PA beam was smaller than the imaged
cells, the sample was raster scanned at the desired resolution
in order to generate a PA image immediately following the
acquisition of the wide-field QPI image. For each location, a fre-
quency response of 10 kHz around the modulation frequency was

Fig. 1 (a) Experimental setup: quantitative phase imaging (QPI)
component included a He-Ne source split into a reference and a
probe beam, both passed through identical 40× objective lenses
and were combined onto a charge-coupled device (CCD) camera.
The PAM component included a diode-pumped solid-state (DPSS)
laser, sinusoidally modulated using an acousto-optic modulator (AOM).
The beam passed through a beam expander and an objective lens
before hitting the sample. The ultrasonic detection was done with
a ring PZT, and the signal was amplified and measured using an
RF spectrum analyzer. (b) Ultrasonic ring detector.
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sampled. The response was fitted to a Gaussian and its peak was
taken as the image pixel value. If the standard deviation of the
fitted Gaussian deviated significantly from the expected value
(around 1.3 kHz), the pixel value was set to 0. This method
allowed for noise reduction with less averaging.

The dominant noise source for the PA image was the
amplifier, with a measured noise figure of 23.5 dB around
1 MHz. When measuring with an RFSA, the SNR is inversely
proportional to the square root of the resolution bandwidth
(RBW), which was limited in this model to 1 kHz or greater.
Since the amplifier noise is not affected by the optical inten-
sity, the SNR was linear with the optical intensity, according
to Eq. (2).

3 Experimental Results

3.1 Detection Sensitivity

To measure the sensitivity of the miniature ring transducer,
PA measurements were performed on a dry black ink target
immersed in water. First, the detection frequency response
was characterized by scanning the excitation frequencies
and taking the ratio of the values at the modulation frequency
with the laser turned on and off. Figure 2(a) shows two dis-
tinct resonance peaks around 600 kHz and 1.2 MHz, which
are a result of the ring shape and correspond with the harmon-
ics of vs∕ddet, with ddet being the detector diameter. Naturally,
the PA excitation in the following experiments was performed

at one of the resonance frequencies. We have also performed
an XY-scan of the transducer location relative to the PA beam
to characterize the spatial sensitivity. At the resonance fre-
quency of 1.2 MHz, the PA response dropped by 3 dB
when the beam moved 250 μm from the center of the ring
transducer. Next, the PA response of the ink target was mea-
sured using a calibrated hydrophone (Y-104S, Sonic
Concepts) for comparison to the response of the transducer,
for several levels of optical power between 0.96 and 9.5 mW.
The laser power was measured before each PA measurement.
Also, the laser stability was measured over a period of
10 min and was found to be <4%. The hydrophone was
placed <0.5 mm from the surface and was lifted during
the transducer measurements to avoid blocking the pressure
wave propagation. The hydrophone sensitivity was Mhyd ¼
8.84 μV∕Pa at a frequency of 1 MHz. The transducer
response was measured at its resonance frequency of 1.2 MHz
and based on the AOM specifications, it could be assumed
that the modulation depth is similar to that at 1 MHz. Both
the hydrophone and the transducer responses were measured
with the RFSA after amplification. A reference signal from
the function generator was used to calculate the output volt-
ages before the amplifier. The result, shown in Fig. 2(b),
shows that the PA response is linear for these levels of optical
excitation.

The pressure reaching the hydrophone was calculated by
dividing the voltage by Mhyd, yielding a maximum pressure
of 1.25 Pa. Assuming that the absorption of the ink target is
close to 100% and substituting the following values in Eq. (2):
β ¼ 207 · 10−6 K−1; Cp ¼ 4.18 · 103 JK−1 Kg−1 (for water20);
f ¼ 1 MHz; r ≈ 0.3 mm; IðfÞ ¼ 9.5 mW; A ¼ 1, the calcu-
lated pressure is 0.78 Pa, which is on the scale of the measured
value.

To estimate the pressure reaching the ring transducer, we
have assumed that the pressure propagated as a spherical wave
without loss, and the transducer detected the pressure wave
hemisphere minus the spherical cap above the transducer height.
Given the transducer diameter and height, the pressure reaching
the transducer for each level of optical power was estimated as
76% of the pressure calculated for the hydrophone. The result is
shown in Fig. 2(c), and the transducer sensitivity was estimated
from the line slope to be around 10 μV∕Pa.

The common measure for estimating ultrasonic detection sen-
sitivity is the noise equivalent pressure (NEP), which is the lowest
pressure that canbe detectedby the system.19Figure2(d) shows the
PA response measured in the RFSA for the maximum optical
power, which generated, according to Fig. 2(b) andMhyd, a pres-
surepmax ¼ 1.25 Pa. Since thePApeakwasPPA

max ¼ 36.5 dB, and
assuming that theminimum detectable pressure corresponds to the
PA peak reaching the noise floor, the NEP for this RBW should
be NEP1kHzðf¼ 1.2 MHzÞ ¼ pmax · 10−P

PA
max∕20 ¼ 18.7 mPa. To

calculate the NEP per
ffiffiffiffiffiffi

Hz
p

, this result should be divided by
ffiffiffiffiffiffiffiffiffiffi

1000
p

, yielding NEP ¼ 590 μPa∕
ffiffiffiffiffiffi

Hz
p

. This value is about
20 times higher than typical spherically focused transducers.19

In addition, the detection bandwidth (BW) is only around
100 kHz, significantly narrower than typical commercial transduc-
ers, making it even less sensitive if we were comparing pulsed
excitation. This is mainly due to the lack of any backing material
to dampen the PZT vibrations. The limitations and advantages
of using this transducer for different excitation schemes will be
further discussed in the next section.

Fig. 2 Detection sensitivity estimation: (a) photoacoustic (PA) fre-
quency response: PA signal-to-noise ratio versus excitation modulation
frequency. Response showing two distinct resonance frequencies.
(b) Voltage output of hydrophone (blue, x markers) and PZT transducer
(pink, circle markers) for different levels of optical power. (c) Voltage
output versus pressure for the PZT transducer. Pressure reaching
the transducer was calculated as 76% of the pressure measured
by the hydrophone above the target. The estimated transducer
sensitivity was 10 μV∕Pa. (d) PA response of the transducer, as
measured by the spectrum analyzer, for the maximum optical power
(of 9.5 mW). Calculated noise equivalent pressure: 590 μV∕

ffiffiffiffiffiffi

Hz
p

.
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3.2 Imaging Red Blood Cells and Polystyrene
Spheres

To demonstrate QPI and PAM dual imaging capabilities, RBCs
and polystyrene microspheres mixtures were imaged. The two
differ significantly in their shape, refractive index, and optical
absorption. The samples included 10-μm microspheres (4210A,
Thermo Scientific), which were centrifuged and resuspended
in 500-μl phosphate buffered saline (PBS). The RBCs were
obtained from a 5-μl human blood drop dissolved in a 1.8% sol-
ution of ethylenediaminetetraacetic acid (46-034-Cl, Corning
Cellgro) in PBS to prevent coagulation. The blood solution
was mixed with a solution of 2 ml PBSþ 25 μl BSA before
being mixed with the microsphere solution. The combined sol-
ution was dropped onto a fluorodish chamber (FD 6040-100,
World Precision Instruments). After standing for 30 min to
allow the cells to fix to the surface, the solution was washed
and replaced with a fresh PBS + bovine serum albumin solution.
The ring transducer was fully immersed in the liquid for acoustic
coupling.

The sample was imaged with a PA beam size of 3.5 μm (full
width half max) and scan step of 2 μm. Ten images were aver-
aged to generate a QPI image and seven PA responses were
averaged in the frequency domain to calculate each PA image
pixel. The QPI image is presented in Fig. 3(a), showing the
characteristic disc shape of the RBC relative to the sphere.
The sphere phase is significantly higher due to the higher
refractive index difference between it and the surrounding
medium (Δnpolystyrene ¼ 0.24 − 0.26,21 ΔnRBC ¼ 0.06 − 0.07).22

The PAM image is presented in Fig. 3(b), showing only the RBCs
due to lack of optical absorption of the polystyrene at 532 nm.
Since QPI already provides a high-resolution image of the disco-
cyte, the PAM beam size was set to a lower resolution to reduce
scan time; therefore, the RBC does not appear as a biconcave
disc in the PAM image. Figure 3(c) shows a superposition of
both images, where a quasi three-dimensional structure is gener-
ated from the QPI image and the color is defined by the PAM
value. To calculate the height in the z-dimension, values of
Δnpolystyrene ¼ 0.24 and ΔnRBC ¼ 0.07 were assumed.

3.3 Imaging Cancer Cells Tagged with Gold
Nanoparticles

For imaging cancer cells, A431 human epithelial carcinoma
cells were chosen for their high EGFR expression.23

Functionalized GNPs were created and incubated with plated
A431 cells, as reported in our previous work.24 Dulbecco’s
modified eagle’s medium was used as a cellular media, as well
as a coupling media, so that the media covered the extent of
the ring transducer.

Figure 4 shows the QPI, PAM, and superposition of both
images, assuming Δncell ¼ 0.04,25 for two adjacent cancer cells.
These images demonstrate similar phase images for the two cells
but a different level of GNP binding, resulting in different PA
signals. Two consecutive PA images were taken with different
beam dimensions: one with a beam size of 6 μm and scan step of
3 μm and one with a beam size of 10 μm and scan step of 6 μm.
The second demonstrates that a beam approximately the size of
the cell can be used for quick estimation of the molecular
expression of the cell if the spatial locations of the GNP
absorbers within the cell are not of interest. The maximum
PA value is higher for the smaller beam size since the GNP
distribution in the cells was not homogenous; therefore, the
expanded beam covered also area that lacked GNP tagging.
However, when using an expanded beam, it should be possible
to increase the optical power while preserving the optical power
per unit area in order to increase the SNR. In order to confirm
molecular specificity, cells which were not exposed to GNPs
(negative control) were also imaged, yielding similar QPI
images but PA values <2 dB, a level considered as background
noise. These results correspond with our previous study on dark-
field imaging of similar cells and GNPs.26 QPI images were also
taken after the PAM scan to verify that there was no apparent
structural damage to the cells that could have affected the PAM
image during scanning.

4 Discussion
In this paper, we have presented two main innovations—the
combination of QPI and PAM and the use of a low-cost ring

Fig. 3 (a) QPI and (b) photoacoustic microscopy (PAM) images of two red blood cells (RBCs; on the left)
and one polystyrene sphere (on the right). Subplot on the left in (a) includes RBCs shown in a color span
limited to 2 radians. (c) Overlay of PAM value from (b) on the quasi three-dimensional (3-D) structure
generated from (a) usingΔnpolystyrene ¼ 0.24 andΔnRBC ¼ 0.07. (Video 1, MPEG, 1.1 MB) [URL: http://dx
.doi.org/10.1117/1.JBO.20.8.086002.1].
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PZT for PA detection. The dual modality is applicable to cellular
microscopy requiring both molecular and structural information.
Example applications are imaging RBC morphology along
with oxygenation and hemoglobin levels, which may apply
to the diagnosis of several diseases affecting the RBCs, includ-
ing malaria and sickle-cell disease, and phenotyping cancer
cells tagged with nanoparticles functionalized with various
antibodies.

The PZT ring enables a very simple and low-cost solution to
the challenge of aligning the QPI and PAM beams in addition to
the PA ultrasonic detection. However, this comes at the expense
of reduced sensitivity and narrower BW compared to the stan-
dard focused transducers which are mostly used in PAM sys-
tems. For sinusoidal excitation, the system only sacrifices a
factor of 20 in sensitivity compared to common PAM systems,
however, it would be significantly less sensitive for a wideband
pulsed excitation since it would filter out most of the response.
Future study may compare the SNR from pulsed versus sinus-
oidal excitation using this transducer. While pulsed excitation is
more efficient for PA than sinusoidal excitation due to the higher
peak power,27 there is still a value for using continuous-wave
sources, mainly their low cost and small size. In fact, at the
power levels used in this system, the excitation could have
been performed using low-cost laser diodes. The small dimen-
sions of the ring detector may allow for compact implementation
of the system, based on fiber optics for excitation, in a reflection
as well as transmission configuration.

In the presented work, the QPI acquisition was a few tens
of milliseconds, while the PAM acquisition took about
100 ms∕point (for about 5 averages), therefore, taking at least
a few seconds per scan depending on the scanning range and not
including overheads of the motor’s motion. However, if PAM
spatial resolution is not required, then the beam can be expanded
to about the cell size and a single PAM measurement can be
taken per cell. In this case, the acquisition time of both modal-
ities will be similar and they can be fully simultaneous.

It is of interest also to refer to photothermal imaging (PTI),
an imaging modality which is based on the same contrast
mechanism as optical absorption, and which has been widely
researched for the imaging of GNPs.13,28,29 While in PAM the
optical absorption generates a pressure wave which is detected
ultrasonically, in PTI the absorption generates local heating
which changes the local refractive index, a change that can
be detected optically using digital holography or OCT. The dif-
ferent detection mechanisms make it difficult to compare the
methods’ performances quantitatively. However, there are a
few important differences to note. First, PTI has the advantage
of optical detection, which does not require a coupling medium,
and for a dual-modality imaging system, the detection can be
done using the same camera as for QPI. However, the ultrasonic
detection of PAM, which is completely separated from the QPI
detection, can be an advantage. It can allow for fully simulta-
neous imaging in both modalities, while in PTI, the photother-
mal image cannot be acquired at the same time as the QPI image
if the same camera is used for both modalities. It is also impor-
tant to note that the spatial resolution in PTI is defined by the
heat diffusion and a lower excitation modulation frequency
results in poorer spatial resolution but a higher SNR.13,29 On
the other hand, in PAM, the resolution is defined only by the
size of the excitation beam, which does not affect the SNR
as long as the beam illuminates a spatially homogenous absorb-
ing target.

In summary, coregistered structural and molecular cellular
images were obtained using a dual-modality system of QPI
and PAM. The use of a small and low-cost ring ultrasonic
transducer allowed for a simple confocal implementation and
can potentially allow for further minimization of the system
dimensions.
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