Circulating tumor cell detection using photoacoustic spectral methods
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ABSTRACT

A method to detect and differentiate circulating melanoma tumor cells (CTCs) from blood cells using ultrasound and
photoacoustic signals with frequencies over 100 MHz is presented. At these frequencies, the acoustic wavelength is
similar to the dimensions of a cell, which results in unique features in the signal; periodically varying minima and
maxima occur throughout the power spectrum. The spacing between minima depends on the ratio of the size to sound
speed of the cell. Using a 532 nm pulsed laser and a 375 MHz center frequency wide-bandwidth transducer, the
ultrasound and photoacoustic signals were measured from single cells. A total of 80 cells were measured, 20 melanoma
cells, 20 white blood cells (WBCs) and 40 red blood cells (RBCs). The photoacoustic spectral spacing Af between
minima was 95 + 15 MHz for melanoma cells and greater than 230 MHz for RBCs. No photoacoustic signal was
detected from WBCs. The ultrasonic spectral spacing between minima was 46 = 9 MHz for melanoma cells and 98 = 11
for WBCs. Both photoacoustic and ultrasound signals were detected from melanoma cells, while only ultrasound signals
were detected from WBCs. RBCs showed distinct photoacoustic spectral variations in comparison to any other type of
cell. Using the spectral spacing and signal amplitudes, each cell type could be grouped together to aid in cell
identification. This method could be used for label-free counting and classifying cells in a sample.
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1. INTRODUCTION

Cancer cells that circulate in the blood stream are known as circulating tumor cells (CTCs). These are tumor cells that
are shed from a primary tumor and can metastasize elsewhere in the body, resulting in a secondary tumor. CTCs are
common in patients with cancer, but not in healthy people'. Tumors can shed cells at early stages of growth prior to
detection of the primary tumor”*, with lower blood concentrations of CTCs related to a favourable outcome® '’.
Detection of CTCs in blood could potentially be used as a clinical screening tool and prognosis estimator.

Several methods have been developed to detect CTCs from blood samples, including flow cytometry'"'?

immunomagnetic bead enrichment'*'* and photoacoustic detection '>°. In photoacoustic methods, a laser irradiates the
sample. Cells that absorb the laser energy emit a photoacoustic wave that can be detected using an ultrasound transducer.
Optical absorption of energy by the cell is required to generate a photoacoustic signal; this can be endogenous absorbing
components such as hemoglobin (in red blood cells) or melanin (in melanocytes). Photoacoustic studies have exploited
the optically absorbing properties of melanoma cells to detect these cells circulating in the bloodstream. Alternatively,
dyes or nanoparticles can be added that selectively bind to specific cells to facilitate photoacoustic wave generation™ %",

All other photoacoustic studies have used transducers with frequencies less than 60 MHz, which are primarily used for
image generation. At these frequencies, the photoacoustic signal spectrum is generally flat and featureless. For cells in
the 5-30 um range, the photoacoustic and ultrasound signal spectra have unique features in the 100-500 MHz range that
are directly related to the size and sound speed of the cell*®. Periodically varying minima and maxima occur throughout
the power spectrum where the spacing between minima depends directly on the ratio of the cell diameter to sound speed.
As the cell diameter increases, the location and spacing between frequency minima decreases, and as the sound speed
increases, the frequency minima and spacing between spectral features increases. These spectral features cannot be
detected with traditional photoacoustic methods using frequencies under 100 MHz. Blood contains cells such as red
blood cells (RBCs) and a variety of white blood cells (WBCs) which have distinct variations in size, shape and
composition. The only cells that absorb visible light are RBCs, as melanoma cells should not be present. This proof of
concept study uses the spectral spacing and signal amplitude to aid in identifying and differentiating cells in a sample,
particularly circulating melanoma cells.
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2. METHOD

2.1 Cell Preparation

Blood was extracted from a healthy male volunteer in accordance with the Ryerson Ethics Board (REB #2012-210).
Using a lancet, a drop of blood was extracted from the fingertip and deposited into one mL of Dulbecco’s modified eagle
medium (DMEM). The diluted blood was transferred to a glass bottom dish (Mattek, USA) with a thin layer of 1% agar
lining the bottom. The WBCs and RBCs could be differentiated by optical observation, however, the WBC sub-type
could not be identified. Murine melanoma (B16-F1) cells were cultured with DMEM containing 10% fetal bovine serum
(FBS) and kept at 37°C with 5% CO,. When confluent, the cells were dissociated using trypsin and added to a fresh
glass bottom dish containing 1% agar. The agar is required to prevent the cells from adhering to the dish, and also
prevents back reflections during acoustic measurements.

2.2 Photoacoustic Microscope

A SASAM photoacoustic microscope (Kibero GmbH, Germany) was used for all measurements. In this system, a
transducer was positioned above the sample holder of an IX81 inverted optical microscope (Olympus, Japan). The
transducer and microscope optics were co-aligned, enabling simultaneous optical and acoustic measurements. A 532 nm
laser (Teem Photonics, France) was focused through a side port of the microscope and onto the sample holder using a
10x optical objective to an approximately 5 pm diameter spot size. A dish containing cells to be examined was placed in
the microscope, and the transducer aligned to the focal spot of the optical lens. The stage was moved to target specific
cells in the sample while maintaining alignment between the transducer and optics. The photoacoustic microscope and
measurement schematic are shown in Figure 1. Pulse echo ultrasound measurements were made using a transducer with
a center frequency of 375 MHz and a monocycle pulse generator with a pulse repetition rate of 4 kHz. Laser pulses were
generated at a pulse repetition rate of 4 kHz (alternating with the ultrasound pulses) and both the ultrasound echo and the
photoacoustic signal generated from the cell were digitized in a single a-line at 8 GS/s. The laser energy ranged from 40
to 250 nJ per pulse. All signals were amplified by a 40 dB amplifier (Miteq, USA) and averaged 100 times to increase
the signal to noise ratio (SNR). The signals were normalized by removing the transducer response, then a Hamming
window applied and the spectrum calculated using the Fast Fourier transform. Further details on the instrument can be
found in reference®, and details on the signal processing methods including normalization can be found in reference®.
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Figure 1: The photoacoustic microscope. (A) The sample holder, showing the optics and the transducer positioned above the sample.
(B) A schematic showing the operation of the photoacoustic microscope. During photoacoustic measurements, the transducer
passively records the signals. In ultrasound mode, ultrasound pulses travel down through the transducer and focused through a
sapphire lens, and then the transducer records the resulting echoes from the sample. Image of the acoustic microscope courtesy of
Kibero GmbH.
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3. RESULTS AND DISCUSSION

The photoacoustic and ultrasound signals from 80 cells were measured: 40 RBCs, 20 WBCs and 20 melanoma cells. The
goal was to differentiate these cells using the signal amplitude, spectral features and whether an ultrasound and/or
photoacoustic signal was recorded. Simultaneous optical imaging along with photoacoustic and ultrasound
measurements of a single cell were recorded; this enabled positive identification of the cell type after a measurement.
Figure 2 shows an optical image of the cells measured and how the cell types can be identified prior to measurement.
The RBCs and WBCs were measured from freshly extracted human blood, while the melanoma cells were cultured and
measured separately. While the cells could be identified and differentiated according to optical observation, the goal of
this study was to compare the ultrasound and photoacoustic features of known cells so that cells in a sample containing
unknown cells could be identified.

The photoacoustic and ultrasound time domain signal measured from the different cells are shown in figures 3 and 4,
respectively. The photoacoustic spectrum of the RBC is known to vary depending on its orientation', therefore the
photoacoustic signal is shown from a single RBC in the two extreme orientations, horizontal and vertical. It is difficult to
differentiate the cell types from the time domain signal alone; the spectrum of these cells is shown in Figure 5. In these
spectra, periodically varying minima and maxima occur at different frequencies, where the spectral spacing between
minima (Af) is related to the size and sound speed of the cell. The average ultrasound spectral spacing for the melanoma
and WBCs was 46+9 MHz and 98+11 MHz, respectively, while the average photoacoustic spectral spacing for the
melanoma and RBCs was 95+15 MHz and ranging between 230-400 MHz, respectively. Some RBCs were measured in
a horizontal orientation (see figure 3A) and thus the spectrum was flat; these RBCs were assigned a Af 400 MHz.
Melanoma cells are larger than either WBCs or WBCs, and thus the spectral spacing is smaller. RBCs have a higher
sound speed than the other cells (~1700 m/s vs. approximately 1560 m/s for both melanoma and WBCs), and also have a
unique shape where the spectrum depends the orientation of the cell; thus the spectral spacing Af is significantly larger
than the other cells. Table 1 summarizes the results of the measurements.

The ultrasound and photoacoustic signal amplitude was used as another metric to help differentiate the cell types. In
photoacoustic measurements, the recorded photoacoustic signal is directly related to the absorption coefficient of cell,
the laser intensity used, as well as the size and sound speed within the cell*®. The photoacoustic peak-peak signal
amplitude was recorded for each cell. A different laser energy was used to measure the RBCs and melanoma cells,
therefore the signal amplitude was normalized to the laser energy for direct comparison. The photoacoustic signal
amplitude was 60+36 and 23+13 mV,,/nJ for melanoma cells and RBCs, respectively. No photoacoustic signal was
measured from WBCs; this is expected, as the absorption properties of WBCs at 532 nm is negligible. In ultrasound, the
ultrasound echo signal amplitude is related to the incident wave amplitude, as well as the physical properties of the
cell’. The same incident pulse was used for all measurements and therefore normalization across different cells was not
required. The ultrasound signal amplitude was 17+6 and10+2 mV,,, for WBCs and melanoma cells, respectively. These
results are summarized in table 1.

The average ultrasound and photoacoustic signal amplitude and spectral spacing Af is different for each cell type. This
can be visualized by plotting the signal amplitude vs. spectral spacing for each cell as shown in Figure 6. For the
ultrasound measurements, the melanoma cells and WBCs can be grouped separately, while for the photoacoustic
measurements, the melanoma cells have a distinct grouping compared to the RBCs. The accuracy of cell identification
can be improved by considering whether an ultrasound signal and/or photoacoustic signal is recorded. Only ultrasound
signals would be recorded from WBCs as they have negligible absorption at 532 nm. Both ultrasound and photoacoustic
signals are recorded from melanoma cells. Both signals are recorded from RBCs as well, however it is unlikely any cell
would have a spectral spacing comparable to RBCs, which is over 200 MHz.

A small number of cells were measured for this proof of principle study (80 total), in which the cells measured were
already known. Cell types could be differentiated using the ultrasound and photoacoustic signal amplitude and spectral
spacing Af. These measurements could be used to count and identify the different cell types in a sample, including
identifying circulating melanoma tumor cells without the use of external additives such as dyes. For use in a clinic, the
method would require high speed counting which is not practical using the microscope. These techniques could be
translated to a flow device with comparable function as flow cytometry.
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Figure 2: Optical images of (A) RBCs and a WBC (middle of image), and (B) melanoma cells during a measurement in the acoustic
microscope. The scale bar is 20 um. Noise is present due to low light conditions.
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Figure 3: Typical time domain photoacoustic signals recorded directly from (A) a RBC in a horizontal (green) and vertical (blue)
orientation, and (B) a melanoma cell (red).
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Figure 4: Typical time domain ultrasound signals recorded directly from (A) a WBC (black) and (B) a melanoma cell (red). A
Hamming window was applied between 1680-1730 ns in (A), and 1680-1750 ns in (B) to remove artifacts that occur during the
measurement.
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Figure 5: Typical photoacoustic and ultrasound power spectra from cells. (A) Photoacoustic spectra from a melanoma (red) and a
RBC in two orientations, horizontal (green) and vertical (blue). (B) Ultrasound spectra from a melanoma cell (red) and a WBC
(black). The area outside of the transducer bandwidth is noise and has been grayed.

Ultrasound Photoacoustic
100 10.0
*
© N
*
3 . 5 *
c L) *e [ ]
= " " ~10 H
B [ LT ) * ° !
e S et = ¢ o .00 i
B 0| H.® 22 ¢ AR
3E }: § t . .
g €7 04
= )
> +Melanoma cells i *RBCs
=WBCs ¢ Melanoma cells
1 L L - 0.0 - - ' '
0 100 200 300 400 500 0 100 200 300 400 500
A Af (MHz) B Af (MHz)

Figure 6: The measured ultrasound peak-peak signal (A) and normalized photoacoustic signal (B) of cells vs. their spectral spacing Af.
The position of cells in this graph can be used to identify them. Only an ultrasound signal is recorded from WBCs, while both a
photoacoustic and ultrasound signal is recorded from melanoma cells. RBCs also have both an ultrasound and photoacoustic signal,
however, the photoacoustic spectral spacing Af is much larger than the others and the ultrasound signal is not used. RBC spectra that
were flat and contained no spectral minima were assigned a Af'value of 400 MHz, thus creating the vertical column in the figure.

Number Ultrasound Ultrasound Photoacoustic Photoacoustic
Cell measured Spectral Spacing Signal Amplitude Spectral Spacing Signal Amplitude
(MHz) (mV,,) (MHz) (mV,,/nJ)
WBC 20 98+ 11 17+ 6 - -
Melanoma 20 46+ 9 102 95+ 15 60 £ 36
RBC 40 - - 230-400 23+13

Table 1: A summary of the ultrasound and photoacoustic spectral spacing and signal amplitude for the different cell types. A total of
80 cells were measured: 20 melanoma cells, 20 WBCs and 40 RBCs.
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4. CONCLUSIONS

This proof of concept study has demonstrated that high frequency ultrasound and photoacoustic methods using the signal
amplitude and spectral features can be used to differentiate types of cells that can be found in blood. WBCs and RBCs
can be identified according to these parameters. In particular, Melanoma circulating tumor cells could be detected from
their unique signals using label-free methods.
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