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We demonstrate the feasibility of simultaneous multi-probe detection for an optical-resolution
photoacoustic microscopy (OR-PAM) system. OR-PAM has elicited the attention of biomedical
imaging researchers because of its optical absorption contrast and high spatial resolution with
great imaging depth. OR-PAM allows label-free and noninvasive imaging by maximizing the
optical absorption of endogenous biomolecules. However, given the inadequate absorption of
some biomolecules, detection sensitivity at the same incident intensity requires improvement. In
this study, a modulated continuous wave with power density less than 3 mW/cm? (1/4 of the
ANSI safety limit) excited the weak photoacoustic (PA) signals of biological cells. A microcavity
transducer is developed based on the bulk modulus of gas five orders of magnitude lower than
that of solid; air pressure variation is inversely proportional to cavity volume at the same tem-
perature increase. Considering that a PA wave expands in various directions, detecting PA
signals from different positions and adding them together can increase detection sensitivity and
signal-to-noise ratio. Therefore, we employ four detectors to acquire tiny PA signals simul-
taneously. Experimental results show that the developed OR-PAM system allows the label-free
imaging of cells with weak optical absorption.

Keywords: Multi-probe; label-free; optical-resolution photoacoustic microscopy.

1. Introduction technology for micrometer- or submicrometer-scale

Optical-resolution photoacoustic microscopy (OR-  high-resolution imaging.'~* This technology involves
PAM) is an emerging optical—acoustic hybrid  the detection of the endogenous optical absorption of
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the sample and is critical for important biomedical
applications such as the study of cancer cells.>° OR-
PAM generally involves the use of a focused laser
beam with a microscope objective in photoacoustic
(PA) excitation. Thelateral resolution of OR-PAM is
determined by tight optical focusing capability with
a microscope objective.”® Compared with main-
stream microscopy technologies such as confocal
microscopy, optical coherence tomography and
fluorescence microscopy, OR-PAM combines the
advantages of rich optical contrast, label-free and
noninvasive imaging, and provision of both ana-
tomical and functional information.’~!'* Thus, OR-
PAM is a premier microscopic imaging tool in
biomedicine.

PAM generally utilizes a short-pulsed laser to
generate PA signals to be detected by an acoustic
transducer such as a piezoelectric ceramic transdu-
cer'* and a polyvinylidene fluoride needle hydro-
phone.'”>!  Given the strong attenuation of
ultrasound waves in air, acoustic coupling between
the sample and the acoustic transducer is required.
This requirement is often difficult for PAM of bio-
medical cell samples, thereby limiting the practical
applicability of the technique. We present an OR-
PAM system that employs a modulated continuous
wave (CW) laser source for excitation and simul-
taneous multi-probe microscopy acquisition tech-
nique to obtain PA signals in air without any
coupling agent. Increasing the detection sensitivity
of a CW-mode OR-PAM system is the primary
challenge because the PA signals induced by CW
lasers are too weak, especially when cells with weak
optical absorption are involved. Air pressure vari-
ation is inversely proportional to cavity volume at
the same temperature increase. Considering that
PA waves expand in various directions, we adopt
simultaneous multi-probe acquisition technique to
detect PA signals from different positions and add
them together to increase detection sensitivity and
signal-to-noise ratio (SNR).

2. Methods

2.1. Principle of simultaneous
multi-probe microscopy acquisition
technique

Based on Rosencwaig—Gersho’s theory,'” a closed

microcavity model of a semi-spherical cell with
radius R was established (see Fig. 1). The sample is
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Fig. 1. Principle of simultaneous multi-probe microscopy with
a PA transduce.

mounted such that its front surface is exposed to the
gas (air) within the cell and its back surface is
against an optical window with poor thermal
properties. We assume that the gas and optical
window do not absorb light. When a chopped
monochromatic light source was focused on the
sample with an objective lens, an acoustic signal
was generated from the periodic heat flow from the
sample to the surrounding gas. When the tem-
perature in the gas attenuated rapidly to zero with
an increase in the distance from the surface of the
sample, a boundary layer (see Fig. 1) whose thick-
ness is 2mug (~0.2mm) was defined. j, is the
thermal diffusion length. If we assume that the rest
of the gas responds to the action of this piston
adiabatically, the incremental pressure can be
determined by

Ry 7R, 2md ()

P(t) —
oP() =3 % T,

s, (1)
where F, and V;, are ambient pressure and volume,
respectively, v is the ratio of the specific heat and
0V is the incremental volume. According to the
ideal gas law, 6V can estimate the product of the
boundary layer’s radial displacement by periodic
heating (2mpu,4(t)/T;) and the superficial area of
boundary (5), where T is the direct current (DC)
component of the temperature on the sample sur-
face and ¢(t) is the spatially averaged temperature
of the gas within the boundary layer (which
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depends on the absorption coefficient of the sample
and on the illuminated light).

At the same conditions of temperature change,
reducing the volume of the cell can effectively
increase detection sensitivity. Considering that PA
waves expand in various directions, simultaneously
detecting PA signals with the same radius from
different positions and adding them together can
increase detection sensitivity and SNR because the
increased sensitivity does not change the volume of
the cell (see Fig. 1). The total output of the
microcavity PA transducer with NV sensors becomes
N times the output of one sensor.

2.2. OR-PAM system

A schematic of the experimental setup is shown in
Fig. 1. A CW laser (Argon ion laser, 35 LAL 515,
CVI Melles Griot, USA) with a wavelength of
514.5nm was utilized as the irradiation source in
the system. The CW laser beam modulated by
a chopper (SR540, SRS, USA) at 2.5kHz was
scanned with a 2D scanning galvanometer (6231C,
Cambridge Technology, USA). A field flattening
lens with magnification of 4x (NA=0.13,
UPLFLN4x, Olympus, Japan), 10x (NA = 0.30,

UPLFLN10x, Olympus, Japan), 20x (NA = 0.50,
UPLFLN20x, Olympus, Japan) and 40x
(NA =0.75, UPLFLN40x, Olympus, Japan) was
employed as the objective lens to focus the beam
on a tight spot on the sample at an intensity of
3mW /cm? which is lower than the ANSI laser
safety standard (12.73 mW /cm?).'® The sample was
sealed in the multi-probe transducer (red dashed
box in Fig. 2), which consisted of a microcavity, two
microchannels, two resonant cavities and four
microphones. The microcavity had a volume of
~ 0.8 mm?. The sample was attached to its opening
of optical window. The focused modulated laser
caused a spatially and temporally abrupt tempera-
ture increase in the focal zone inside the sample and
thereby excited the PA waves in the microcavity.
The PA waves were immediately transferred to the
resonant cavity through the microchannel with a
diameter of 0.25mm and length of 200 mm and
simultaneously detected by four microphones
(customized with 2.5kHz central frequency and
10 mv/Pa sensitivity). The PA signals in the four
channels were added together with an adder,
amplified with a preamplifier (SR550, SRS, USA),
and sent to a lock-in amplifier (SR830, SRS, USA)
for demodulation and further amplification. The
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Fig. 2. Schematic of multi-probe detection CW-mode OR-PAM system.
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spatial distribution of the amplitude of the PA  RTA-07) was imaged with a 20X objective lens
signals was acquired and stored on the data acqui- (NA =0.5) to quantify the lateral resolution of the

sition board (PCI6115, NI, USA) of a computer.

3. Results and Discussion

3.1. Lateral resolution of the OR-PAM

system

system. Group 25, which has the highest resolution,
was selected for imaging. The width of the bar was
1.25 pm [see Fig. 3(a)]. The PA amplitude values
along a line crossing the edge of a bar were fitted by
the theoretical edge spread function (ESF) [see
Fig. 3(b)], which could be calculated by integrating

Lateral resolution can be estimated by the formula  the 2D point spread function (PSF). In this way,
0.51\/NA. A resolution test target (JJG 827-1993,  the lateral resolution was quantified as 0.50 + 0.05
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Fig. 3. Lateral resolution of the OR-PAM system. (a) PAM image of the resolution test target (RTA-07). (b) By fitting the ESF
given by the bars, the lateral resolution is quantified as 0.50 £ 0.05 gym. The blue circles denote the experimental data, and the red

curve is the theoretical fit.
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Fig. 4. Comparison of OR-PAM images of oral epidermal cells acquired through simultaneous acquisition with different numbers
of sensors. (a) Single-sensor PAM image, (b) two-sensor PAM image, (c) three-sensor PAM image and (d) four-sensor PAM image.

CN: cell nucleus.
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pm by fitting the data from 16 edges. Therefore, we
claim that the OR-PAM has a lateral resolution of
~ 500nm, a value that represents the lateral resol-
ution of the system and is very close to the theor-
etical value of 0.51\/NA ~ 525 nm.

3.2. Improvement by simultaneous
multi-probe microscopy
acquisition

As previously mentioned, the amplitude of a PA
signal depends on the absorption coefficient of the
sample and on the illuminated light. Oral epidermal
cells with weak optical absorption were utilized in
the experiments to demonstrate the high sensitivity
and SNR of the developed PAM (see Fig. 4). The
image had a field of view of 320 x 320 pm.
Figure 4(a) shows the PAM image of two oral epi-
dermal cells with one sensor. The number of sensors
was gradually increased to four [see Figs. 4(b) to
4(d)]. The SNRs in Figs. 4(a) to 4(d) measure 17,
20, 22 and 23 dB, respectively. SNR was improved
by 6dB with the developed OR-PAM through
simultaneous four-probe microscopy acquisition.
Image contrast was enhanced accordingly; thus, the
cell nuclei of the oral epidermal cells were observed
clearly [see Fig. 4(d)].

4. Conclusion

A multi-probe label-free CW-mode OR-PAM was
developed through simultaneous multi-probe mi-
croscopy acquisition technique. The lateral resol-
ution of the test target was ~ 500 nm. Imaging of
oral epidermal cells with weak optical absorption
indicates that the SNR of the four-sensor OR-PAM
improved by 6 dB compared with that of the single-
sensor OR-PAM. This result indicates that the
technique can effectively enhance detection sensi-
tivity and PAM image contrast. All these results
demonstrate that the developed OR-PAM system
can be applied in the detection of label-free cancer
cells at the sub-cellular level, which is useful in in-
tracellular photodynamic therapy and drug delivery
research.
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