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Abstract. An inexpensive noncontact photoacoustic (PA) imaging system using a low-power continuous wave
laser and a kilohertz-range microphone has been developed. The system operates in both optical and PA im-
aging modes and is designed to be compatible with conventional optical microscopes. Aqueous coupling fluids
are not required for the detection of the PA signals; air is used as the coupling medium. The main component of
the PA system is a custom designed PA imaging sensor that consists of an air-filled sample chamber and a
resonator chamber that isolates a standard kilohertz frequency microphone from the input laser. A sample
to be examined is placed on the glass substrate inside the chamber. A laser focused to a small spot by a
40× objective onto the substrate enables generation of PA signals from the sample. Raster scanning the
laser over the sample with micrometer-sized steps enables high-resolution PA images to be generated. A lateral
resolution of 1.37 μm was achieved in this proof of concept study, which can be further improved using a higher
numerical aperture objective. The application of the system was investigated on a red blood cell, with a noise-
equivalent detection sensitivity of 43,887 hemoglobin molecules (72.88 × 10−21 mol or 72.88 zeptomol). The
minimum pressure detectable limit of the system was 19.1 μPa. This inexpensive, compact noncontact PA sen-
sor is easily integrated with existing commercial optical microscopes, enabling optical and PA imaging of the
same sample. Applications include forensic measurements, blood coagulation tests, and monitoring the pen-
etration of drugs into human membrane. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
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1 Introduction
The photoacoustic (PA) effect was first observed in the year
1880 by Alexander Graham Bell.1 The PA effect initially was
used in spectroscopy studies of materials throughout the mid-
1900s, but it was not until invention of the laser that significant
biomedical imaging applications using the PA technique became
possible due to the improved sensitivity provided by laser
excitation.2–12 The low-power PA technique has been predomi-
nantly utilized in the field of spectroscopy,11–18 with substantial
applications in trace gas detection.5,19–23 It exhibited signifi-
cantly higher sensitivity than most other techniques,24–27 with
concentration sensitivity in the parts per billion.3–5,25,27

PA spectroscopy is a powerful analytical tool for examining
the optical absorption properties of solids as it directly measures
the energy absorbed by the material on exposure to light.28

Conventional optical absorption/transmission spectroscopy
requires a sample with a specialized surface as the scattering
would significantly affect the accuracy of the measurement of
optical absorption coefficient. It cannot be used to study highly
scattering samples.29 The only other method of obtaining
spectroscopic information from opaque samples is diffused opti-
cal reflection spectroscopy, where special handling is required
for sample surface preparation. In the case of PA spectroscopy,
spectral information can be obtained from a variety of samples,

including opaque materials such as powders, metals, and
semiconductors.2,12

The principle and theory of the standard PA technique were
well established by Rosencwaig, who described the fundamental
principles and investigated several possible applications of the
PA technique.30 Patel and Tam reviewed the physics of the tech-
nique and also extended the technique to other applications such
as liquids.31–33

Several types of PA cells have been proposed by various
investigators.4,19,31,34–37 PA cells made of a kilohertz micro-
phone and piezoelectric transducers (PZT) have been widely
studied.31,34,37,38 Gas-microphone PA cells were generally
used to study powder and samples with large surface to volume
ratio, whereas PZT PA cells were used for liquid and bulk
solids.2 The gas-microphone PA cell possesses a relatively better
sensitivity at low modulation frequencies.2 The sample in the
gas-microphone PA cell is held in the air tight sample metal
chamber and is excited through the optical window. Light
absorption by a material leads to two types of de-excitation
processes: radiative and nonradiative. The nonradiative de-exci-
tation results in heating the sample. Since the incident radiation
is intensity modulated by the chopper, the sample gets heated
repetitively. The resulting periodic heat flow from the solid
absorber to the surrounding gas creates pressure fluctuations
in the cell, which are detected by the microphone. Therefore,
the depth of specimen responsible for the PA signal is restricted
within a thermal diffusion length defined by30*Address all correspondence to: Michael C. Kolios, E-mail: mkolios@ryerson

.ca
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EQ-TARGET;temp:intralink-;e001;63;752μ ¼ k
πρfc

; (1)

where k is the thermal conductivity, ρ is the density, c is the
specific heat, and f is the chopping frequency. The depth profil-
ing of the sample is possible by varying the chopping
frequency.39–41 Thomas et al.42 detected subsurface flaws in alu-
minum in the PA magnitude to a depth of approximately one
diffusion length (∼180 to 800 μm) over a wide range of chop-
ping frequencies. Other than spectral measurements, the PA
technique can also be used in several other applications such as
the measurement of thermal diffusivity,43 detection of phase
transitions,44 and luminescence quantum efficiency.45 The
present aim is to use this PA spectroscopy principle for photo-
acoustic microscopy (PAM) imaging applications.

PAM is a hybrid imaging modality that uses an optical tech-
nique for excitation and an acoustic technique for detection. In
the conventional approach, the acoustic wave is generated by
transient pressure variation caused by the absorption of a nano-
second light pulse. High-resolution deep tissue imaging is pos-
sible using acoustic resolution PA imaging.46–49 PA imaging has
been used to image anatomical,50 functional,46 molecular,46 flow
dynamic,47 and metabolic contrasts in vivo.47 Microscopy appli-
cations can use either acoustic resolution PAM (AR-PAM) or
optical resolution PAM (OR-PAM), or a combination of both,
depending on the application and imaging target.51 The lateral
resolution of AR-PAM depends on the acoustic focus of the
transducer, which would be on the order of tens of microme-
ters49 with a maximum imaging depth of several millimeters.
The lateral resolution of OR-PAM depends on the diffraction
limited spot size produced by the lens with a maximum depth
imaging of 1.2 mm.52,53 OR-PAM was used to image small
animal models and biological samples with various endogenous
or exogenous contrasts.52 AR-PAM is a promising imaging
technique for both preclinical and clinical applications as deep
imaging of biological tissues possible with lower frequency
transducers.53

Conventional PA imaging systems require expensive ultra-
fast lasers with nanosecond pulse widths, an ultrasound trans-
ducer, and an aqueous coupling medium for the PA waves to
propagate through.49,51 Clinical adoption has been hindered
due to its expense and cumbersome size. Considerable efforts
have been made to use low-cost continuous wave (CW) lasers
instead of ultrafast lasers for PA imaging.54,55 Petschke and La
Rivière theoretically investigated the possibility of using chirped
CW diode lasers,55 which would exhibit 20 to 30 dB lower SNR
than the typical pulsed laser-based systems, but its compactness
and relatively low cost could potential outweigh the lower SNR
in selected applications.54–56

Other noncontact PA systems based on the interferometric
principle have been developed.57–61 However, interferometric
techniques were complex, bulky, expensive, and difficult to inte-
grate with the existing optical microscopes.57,62 A Fabry–Perot
sensor is another option, but it is still a contact technique as the
Fabry–Perot sensor has to be placed in contact with the
sample.10,63 Researchers have investigated using a fiber sensor,
which also required expensive focusing and collection optics.
Optical beam deflection techniques are another simple method
for PA wave detection. However, this approach requires two
lasers for pumping and probing and a large footprint area for
the set up because the probe beam needs to travel a relatively
long distance (for increasing deflection angle) before detection

to improve sensitivity.64,65 There are also other air couple trans-
ducers available, but air-coupled transducers are unfocused,
bulky, and exhibit poor SNR, which makes imaging more
complicated.66

This study is aimed at developing a low-cost air-coupled PA
imaging system using common low-power CW lasers and a kilo-
hertz-range microphone, using the PA spectroscopy principle. In
the PA spectroscopy, a wide area of the sample is illuminated to
get spectroscopy information of aggregates. The typical PA cell
used for spectroscopy cannot be used for high-resolution
OR-PAM application as the sizes (in the range of a few milli-
meter to a few inches) and design of the chamber limits the
focusing of light.12,23,35,36 We also developed PA cell for spec-
troscopy studies. The PA cell was made using a bulk aluminum
rod to avoid vibrational noise. The powdered sample was taken
in a sample holder made of copper and enclosed in an air tight
metallic PA chamber with a thick optical window above the
sample. The developed-PA cell was suitable for an epi-illumi-
nation excitation, where the sample was excited over the surface
by passing the light through an optical window and sample
chamber (SC) air column. The sample was excited over a
wide area (6 mm) to get the PA spectrum. A thick optical win-
dow was used to dampen the vibration noise. A high-magnifi-
cation objective could not be used in this configuration for a
high-resolution PA image due to the short working distance.

In this study, we designed a PA chamber suitable for a low-
power CW laser-based high-resolution PAM. The PA cell was
designed to fit into existing optical microscopes for multimodal
imaging. As the PA spectroscopy technique can be used to study
samples in any state such as solid, liquid, and gas,19,33,34 numer-
ous applications exist, such as coagulation tests to study clotting
disorders like thrombophilia and hemophilia, blood pattern
analysis (BPA) in forensics,67 and monitoring the penetration
of drugs into membrane acceptor systems.68

2 Materials and Methods

2.1 Experimental Setup

A dual modal optical/acoustic microscope system was devel-
oped as shown in Fig. 1(a). The optical system is built as an
inverted microscope configuration consisting of a halogen
lamp, an infinity-corrected 40× and 0.6 NA Olympus objective
(O), a mirror (M5), and a Ximea xiQ camera (Ximea). The sys-
tem consists of motorized linear X-Y scanning stages (Zaber
Technologies) for raster scanning and manual X-Y-Z stages
(Thorlabs) for manual adjustment. A diode pumped solid state
green laser (532 nm, CrystaLaser, Nevada) was used as a source
of PA excitation. The laser beam diameter was 0.36 mm and
operated at 3 mW power. The beam waist size at the sample
surface was 1.2 μm. The beam was intensity modulated for
PA generation using a mechanical chopper. The laser path in
the system was described by the solid green line in Fig. 1(a).
The light beam at the beam splitter is split into two beams,
one for the sample and the other for the reference. The reference
beam was monitored by a photodiode and used to normalize the
PA signal to avoid any change due to laser fluctuations. The
reflected light from the beam splitter was focused on the sample
using the objective. As the light beam was periodically intensity
modulated using a chopper, the periodic pressure wave was cre-
ated in the PA cell which was measured using a lock-in ampli-
fier. All components were computer controlled through custom
MATLAB software (Mathworks). The lock-in amplifier is
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operated at low-pass filter with a single RC filter (6 dB∕oct roll
off) with a time constant of 300 ms. An equivalent bandwidth
(Δf) of a lock-in is 1∕4T, where T is the time constant (R × C).
In this study, Δf is equal to 2.5 Hz. To scan the image of size
0.3 mm × 0.3 mm by 60 × 60 steps would take up to 20 min.
This long scan time is due to the slow serial communications
interface used. Future enhancements use a USB interface to
increase the scan time by 10×.

2.2 Photoacoustic Resonance Chamber

The PA cell used in the PA spectrometer was modified for the
PAM applications.2,12,35,36 The PA cell was developed to use
high-magnification objectives for sample excitation. The PA
cell was designed in a double optical window configuration
for easy integration into existing optical systems. The top of
the PA cell contained a thick glass window and the bottom con-
tained a glass substrate to hold the sample. As the sample is
excited from the bottom through the glass substrate, high-mag-
nification objectives can be used. It can be integrated both in epi
and trans-illumination commercial optical microscopes for mul-
timodal imaging, including both optical and PA imaging. Since
the sample was heated at the glass-sample interface, thermal dif-
fusivity properties of the sample and backing material (glass)
will play an important role in the PA signal generation. The

backing material reduces the PA generation by diffusing the
heat generated in the sample by the laser away from the cham-
ber. The thermal diffusion length and viscous-thermal damping
distance of air will also play important roles in PA generation
due to the smaller size of PA cell. The SC size was designed
based on the thermal diffusion length and viscous-thermal
damping distance of air to prevent the acoustic damping loss
at the glass window and the thermo-viscous damping loss at
the chamber walls. The thermal diffusion length and viscous-
thermal damping of gas are dependent on frequency, tempera-
ture, and pressure. At room temperature and pressure, the air
thermal diffusion length and viscous-thermal damping distances
are 0.2 and 0.1 mm, respectively, at a frequency 100 Hz.12 A cell
that is designed to be used over a wide range of frequencies
should then have a minimum distance between the sample
and window and minimum passageway dimensions of 1 to
2 mm.12 The PA cell was built in a Helmholtz configuration,
a chamber with an acoustic resonator. The resonator helps to
isolate the microphone from the scattered light in the SC,
which would improve the SNR.69

Figures 1(b) and 1(c) show the schematic and picture of this
PA sensor. The cell was made from an aluminium rod of diam-
eter 80 mm. Aluminium was used as it exhibits a large thermal
mass, which would result in minimal PA signal generation. The
PA sensor contains two compartments, one for the sample (SC)
and the other for the microphone (M). The SC is cylindrical with
an 8-mm diameter and 3-mm height. The top of the SC is closed
by an optical window made of BK7 glass and the bottom of the
chamber holds the sample (S). A small resonant column (T)
exists between the SC and the microphone (M). The resonant
column is a long cylindrical column of 20-mm length and 1-mm
diameter. The microphone used as the PA detector has a fre-
quency response of 50 to 20 kHz and a sensitivity of
50 mV∕Pa (Brüel&Kjær Sound and Vibration Measurement,
Pointe-Claire, Quebec, Canada). The laser was chopped using
a mechanical chopper (SR540, Stanford Research Systems),
which has a chopping frequency between 50 to 3000 Hz.
The laser was modulated at 200 Hz in the present studies.
The generated PA signal was measured using a lock-in amplifier
(SR850, Stanford Research Systems), which is interfaced with
the computer through an RS232 port.

2.3 Procurement of Blood

Blood was collected by netCAD (Vancouver, Canada), the
research division of Canadian Blood Services, under protocol
2013-001, which involves standard Canadian Blood Services
collection and testing procedures of whole blood and delivery
overnight at 4°C, with continuous monitoring during shipment
to ensure no temperature deviations occur. This procedure has
been approved by the research ethics boards of both Ryerson
University and Canadian Blood Services.

2.4 Blood Sample Preparation

The guidelines on handling the blood were followed in accor-
dance with the recommendations of the International Society for
Clinical Hemorheology and the European Society for Clinical
Hemorheology and Microcirculation. The blood was centri-
fuged at room temperature at 2000 × g for 6 min to separate
the plasma and their Buffy coat. Isotonic phosphate buffered
saline (PBS) was used to wash RBCs two times. The centrifuged
RBCs were then dispersed in PBS for the present studies.

Fig. 1 (a) A Schematic diagram of a dual model system that con-
tained optical and PA microscopes. (The solid green line represents
the beam propagation direction), (b) the schematic diagram of the PA
sensor, and (c) photograph of the PA sensor. M1, M2, M3, and M4 are
mirrors, M is the microphone, SC is the sample chamber, W is the
window, and T is the resonator tunnel.
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2.5 Lateral Resolution Measurement

The system lateral resolution was determined using a USAF
1951 resolution test chart (Thorlabs). The 1951 USAF resolu-
tion test chart consists of reference line patterns with well-
defined thicknesses and spacing. The positive targets consist
of low-reflectivity, vacuum-sputtered chrome patterns plated
on clear substrates. These targets have 6 groups (þ2 to þ7)
with six elements, offering a maximum resolution of 228.0
line pairs per millimeter. The thickness of each chrome line
was 0.12 μm. The spatial resolution of the PA system was evalu-
ated by measuring the PA signal across an element 2 of group
6, which has a linewidth (6.96 μm) close to the size of a single
RBC size.

2.6 Modulation Transfer Function

The modulation transfer function (MTF), which is commonly
used to evaluate optical systems, is another way to evaluate
the resolution of the system. The MTF describes contrast trans-
fer from the object to image intensity. The image quality mainly
depends on the aberration of the optical system and pixel res-
olution of the camera. The contrast (MTF) was obtained by
measuring the signal from the bright (Imax) and the dark bars
(Imin). The contrast ratio was calculated using the expression

EQ-TARGET;temp:intralink-;e002;63;484%contrast ¼ Imax − Imin

Imax þ Imin

� 100; (2)

where Imax and Imin are the PA intensities in the presence and
absence of the sample. The USAF resolution target is generally
used to calculate the MTF of optical microscope systems, where
the dark bar is the metal strip and the bright bar is the transparent
region between the bars.

The PA signal produced was proportional to the thermal dif-
fusion length of the sample and surroundings, which would be a
few hundred nanometers to a few microns depending on the
thermal property of the materials. The thermal diffusion to
the surrounding medium would result in blurring the PA
image, and, therefore, would affect the resolution of the system.
The USAF resolution chart would not provide the exact MTF of
the bioimaging system as it is made of metal, which has different
physical properties (thermal, acoustical, and optical) than bio-
logical samples. The present system would be used to image
the internal features of biological cells, which have their own
physical properties, characteristic shape, and relative positions.

Hence, the MTF of the system was also calculated using the
RBCs. The MTF of the optical system was calculated from
the sinusoid pattern with a decrease in the spatial frequencies.
The spatial frequency of contrast 0.5 (50%) was regarded as the
minimum detectable contrast limit of the system.70,71 Therefore,
a monolayer of RBCs distributed at various spacing on a glass
substrate is more representative of the real-world applications of
this imaging system.

2.7 Noise Equivalent Sensitivity and Minimum
Detectable Pressure

The molecular sensitivity of the system was evaluated in terms
of a minimum number of hemoglobin molecules detectable
by the system, as it is one of the most common target chromo-
phores in PA imaging.72 A single RBC contains about 270 × 106

hemoglobin molecules. The mean corpuscular volume is
92.8 × 10−15 L. The estimated concentration of hemoglobin
in a single RBC is 3.1 × 106 μm−3.72 The typical diameter of
normal RBCs was 6 to 8 μm and its thickness was 2 to 2.5 μm.
The total hemoglobin molecules excited by light focused using a
40× and 0.6 NA objective with an input light beam of diameter
of 0.36 mm was 7 × 106.

The noise equivalent number of molecules (NEM) = no of
illuminated molecules/SNR.

The SNR was calculated by dividing an average PA signal
from an RBC by a standard deviation of the background
noise. The average PA signal was obtained by irradiating an
RBC over a time period of 5 min. The minimum pressure
detectable limit (MPDL) of the sensor was then estimated. The
MPDL = standard deviation of the background noise/sensitivity
of the microphone.

3 Results and Discussion
Figures 2(a)–2(c) show the optical image, the PA image, and the
corresponding line spread function (LSF), respectively, of a sin-
gle element in the USAF test target.

The LSF of the system was obtained by numerically differ-
entiating an edge spread function (ESF, solid black line). The
ESF represents an average value obtained from the line strip
marked by a yellow rectangular box in the PA image 2(b). The
lateral resolution limit of the system was calculated from the full
width half maximum (FWHM), which was obtained using a
Gaussian fit to the LSF. The solid red line in Fig. 2(c) is the
Gaussian fit to the LSF. From this measurement, the system
is determined to have a lateral resolution of 2.1 μm.

Fig. 2 Spatial resolution measurement: (a) optical image of group-6 of the USAF-1951 chart, (b) PA
image of element-2 of group-6 (marked by red square in optical image), (c) ESF (black line) and the
LSF (blue dots) calculated from PA signal in the rectangular box of the PA image. The solid red line
represents the Gaussian fit to the LSF.
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Measurements were performed on a common blood smear on
a glass slide to probe single RBC. The system was operated with
the settings described in Sec. 2.1. Figure 3 shows the optical and
PA images of the RBCs.

The MTF of the system was calculated using the USAF chart
and an RBC monolayer. The MTF measurement from element 2
of group 6 of USAF chart demonstrated a 76% contrast ratio.
Figure 4(a) shows the PA image of the RBCs. Line profiles
AB, CD, and EF were drawn across RBCs that exhibit various
separations between them. The PA line profiles were obtained
[Figs. 4(b)–4(d)] along these lines. The valley (1 to 5) in the line
profile represents the separation whose value was obtained from
FWHM of the Gaussian fit. The MTF was calculated along
those lines by measuring the signal from two neighboring
RBCs and the signal from the gap between them. The signal
from the RBC was obtained by averaging signals measured
across RBCs, whereas the signal from the gap was obtained
by averaging signal above the FWHM. Table 1 shows the
FWHM of separation of RBC pairs 1 to 5 and their contrast
ratios, which were calculated using the expression 2.

The contrast of the PA image as optical image decreased with
an increase in spatial frequency (Table 1). The RBCs at spacing
2.16 μm exhibited contrast close to PA image of element 2
group 6 of the USAF chart even though its physical properties
such as shape, optical, and thermal were completely different.
The lowest separation that the system could resolve was
1.37 μm, which was close to the interrogation spot size
(waist size ¼ 1.2 μm) of the laser beam. The separation of the
RBCs at position 1 could not be resolved as the spacing was

<1.2 μm. The resolution measurement using the USAF 1951
test target was higher, probably due to the larger thermal diffu-
sivity (29 × 10−6 m2∕s) and effusivity of chrome.

Next, the noise equivalent sensitivity (equivalent to molecular
sensitivity) of the system was calculated. The average PA signal
obtained from the RBC due to a point excitation by a 40× objec-
tive was 9.66 × 10−5 V, whereas the standard deviation of
the background noise was 9.54 × 10−7 V. Therefore, the SNR
of this measurement is ∼100. As the signal is generated from
∼7 × 106 hemoglobin molecules (see Sec. 2.7), the NEM is
∼693 × 102.

The NEM per unit bandwidth (NEM∕
ffiffiffiffiffiffiffi

Δf
p

) is
∼43;887 Hz−1∕2 or 72.88 × 10−21 mol or 72.88 zeptomol. The
system exhibited a sensitivity of nearly half of the value reported
by Winkler et al.72 The sensitivity was due to an increase in the

Fig. 3 (a) Optical and (b) PA images of RBC (marked in a black rectangular box in the optical image)
smeared on a glass substrate.

Fig. 4 (a) PA image of the RBC monolayer, (b) PA line profile measured along a line AB marked in PA
image, (c) PA line profile measured along a line CD, and (d) PA line profile measured along a line EF.

Table 1 MTF calculation of system at various RBC aggregates.

Position FWHM (μm) MTF (%)

1 Unresolvable —

2 2.16 39.86

3 2.96 65.55

4 1.89 20.37

5 1.37 6.27
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PA energy due to integration time of the lock-in amplifier. The
sensitivity can be improved further by increasing the integration
time, but would increase the image acquisition time by reducing
the scanning rate.

Next, the MPDL of the sensor was estimated. The average
PA signal generated by 7 × 106 hemoglobin molecules was
9.66 × 10−5 V, and, in the same measurement, the standard
deviation of background noise was 0.954 μV. The sources for
this noise were the amplifier input noise, the Johnson noise of
the resistor, and shot noise due to nonuniform flow of current
charge carrier. If we assume that all the sources of noise are
incoherent and random in nature, then the total noise can be esti-
mated using the square root of the sum of the squares of all the
noise. Since the sensitivity of the microphone is ∼50 mV∕Pa,
we estimate the MPDL to be 19.1 μPa.

Amplifier input noise and Johnson noise were Gaussian
nature; the amount of noise measured was proportional to
the square root of the bandwidth of the lock-in amplifier.
Hence, the MPDL per unit bandwidth, MPDL∕

ffiffiffiffiffiffiffi

Δf
p ¼

7.64 μPa∕Hz1∕2.
Other PAM systems require a fluid coupling medium for PA

signal detection.46–49,51,61,63 This system uses air as a coupling
medium and, thus, can be used to image samples that cannot
normally be imaged using PAM, such as samples that would
be altered or destroyed through contact with fluids, including
powders or water-soluble dyes. There are other noncontact tech-
niques based on optical interferometers such as Mach–Zehnder
interferometer,57,58 low-coherence Michelson interferometer,59

and Fabry–Perot interferometer.61,63 These systems are typically
complex, expensive, and difficult to integrate with another sys-
tem. In most cases, the sample surface also required special
treatment as the scattering and diffuse surface of the sample
would affect the reflection of the probe light (sample arm) of
the interferometer system and thereby its SNR. The Fabry–
Perot sensor can also be used, but it is a contact technique as
the sensor has to be placed in contact with the sample.57,62

Our sensor is inexpensive, simple, and easy to integrate with
existing optical microscopes. The sensor can be used for opaque
and highly scattering samples. As the microphone is located far
from the laser beam direction, optical imaging techniques such
as epi-fluorescence, confocal, Raman, phase contrast, bright,
and dark field microscopy can be performed on the sample.

4 Conclusions
This study demonstrates a compact noncontact PAM system
using a low-power CW laser source for PA measurements.
Air can be used as the coupling fluid, enabling PA measure-
ments of any sample type. The system exhibits a lateral
resolution of 1.37 μm and a noise equivalent hemoglobin
molecular sensitivity of 43,887 molecules (72.88 × 10−21 mol
or 72.88 zeptomol). Future work will focus on improving the
sensitivity and the resolution using high numerical aperture
objectives and measurements using different CW laser wave-
lengths, enabling an inexpensive, high-resolution, multispectral
PAM system. The compactness of the PA sensor will enable
easy integration with existing commercial optical microscopes
for multimodal imaging, with numerous biomedical and foren-
sic applications.
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