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Abstract—We have developed a low-cost frequency domain
differential photoacoustic microscope. The microscope uses a low-
cost PA sensor made up of a kHz microphone, low power CW lasers
and an optical chopper with 6/5 dual-slot disc. The system used
dual-slot chopper disc to modulate two laser beams simultaneously
and the corresponding PA signals were measured. This
simultaneous modulation enabled a single scan instead of two
scans required for two lasers in previous configurations, reducing
the scanning time half. The configuration also enabled two PA
interrogations at the same location of the sample whereas in the
conventional sequential measuring system any backslash of the
translation stage would alter the location of the interrogation area
during the next measurement. The developed sensor is used to
study the oxygen saturation of a single RBC. Two types of RBCs
containing predominately oxy and methemoglobin were
investigated using three different lasers of wavelengths 473 nm, 533
nm, and 633 nm. The single cell study showed that half of the oxy-
RBC and meth-RBC exhibit oxygen saturation of about 90 % and
38.61 % respectively.
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I. INTRODUCTION

Blood oxygen saturation studies involve the measurement
of hemoglobin in the blood that carries oxygen. A false reading
might occur if the method fails to identify hemoglobin binding
to other species such as carbon monoxide. Pulse oximetry is
the most commonly used method to study the oxygen
saturation.[1]-[3] However, this technique fails to give the
correct estimate in people experiencing hypoxia due to carbon
monoxide poisoning and methemoglobinemia since it
exclusively depends on the measurement of oxygen bounded
hemoglobins. Multispectral photoacoustic could provide a
solution as it provides functional information, but hardware
cost hinders clinical adaptation.[4]-[8] We have developed a
low-cost  differential ~ frequency-domain  photoacoustic
microscope to overcome these shortcomings.[9] The system
uses a low-cost PA sensor and CW lasers. The PA sensor was
developed using a kHz microphone. The sensor was designed
in a unique configuration to amplify the weakly generated PA
signal by a low power CW laser. The main feature of this
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configuration is a resonator used to amplify the weak signal
generated by a low power laser. The strength of the PA signal
is proportional to the thermal diffusion length in the sample,
which is a function of laser amplitude modulation frequency.
The thermal diffusion length in the sample is given by [10]

k (1)

where k is the thermal conductivity, p the density, c¢ the
specific heat and f is the modulation frequency.

One advantage of the sensor is it works in a non-contact
mode. There is no coupling medium required as in the case of
conventional PA detection, which denatures and alter the
sample original properties in some cases. Both dry and liquid
sample can be used for the measurement in the present system.
The sensor can be used in both epi and trans-illumination
microscope as the microphone in the sensor never obstructs the
interrogated light from the microscope and/or any other optical
paths as it lies away from the sample due to the presence of the
resonator. This configuration would enable the straight forward
integration of other probing systems such as optical,
fluorescent, Raman, SERS and PA imaging for multimodal
imaging. In this article, we discuss the development of the
system and its application in blood oxygen studies.

II. MATERIALS AND METHODS

A. Procurement of Blood

Human 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.
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B. Blood sample preparation

The guidelines on handling the blood were followed in
accordance with the recommendations of the International
Society for Clinical Hemorheology and the European Society
for Clinical Hemorheology and Microcirculation.[11] The
blood was centrifuged at room temperature at 2000 x 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. Two
types of RBCs, oxy and methemoglobin, were studied.
Methemoglobin was prepared by treating RBC with sodium
nitrate (NANO3). Two mg of NANO3 were mixed with 1 ml
of blood and shaken well. The optical absorption properties of
the samples were studied using a USB 4000 Ocean optics fiber
optics spectrometer. The glass slide was ultrasonically cleaned
using isopropyl alcohol followed by water to remove any trace
of oil or dirt. Both treated (meth) and untreated RBCs (oxy)
were smeared on microscope slides for studies.

C. Experimental setup

The PA system uses low power continuous-wave lasers
(473 nm, 533 nm, and 633 nm) of power 3-4 mW and a
photoacoustic resonant sensor that incorporates a kHz
microphone. The system measures two PA signals by
employing two lasers simultaneously modulated at two
different modulation frequencies (finner = 238 and fouter =
285 Hz) and instantaneously un-mixes these using the Isqlin
function in MATLAB (Mathworks Inc.). This approach
reduces the scanning time by half since other systems require
separate measurements for each wavelength. The output of the
laser was mechanically modulated using SR540 optical
chopper. Two different modulation frequencies were achieved
by using 6/5 dual-slot chopper blade. This 6/5 dual-slot
chopper blade contains five openings for light in the inner row
(D) and six openings in the outer row (O). The lasers beams
which are passed through these dual slots will be modulated at
two different frequencies. The modulated beams then
combined into a single beam by a mirror (M1). The PA signals
corresponding to two modulation frequencies were measured
using SR850 and SR510 lock-in amplifiers. The measured PA
signals were unmixed using the Isqlin function in MATLAB.

The PA system is integrated with the custom-made optical
microscope system to visualize the sample. The optical system
is built in an inverted configuration. The system is made of an
infinity-corrected 40X and 0.25 NA Olympus objective (O), a
Ximea xiQ camera (Ximea, USA) and white LED (Thorlabs,
USA). The sample is imaged from the bottom with the
illumination source (LED) on the top. The position of the
sample can be changed/raster scanned using the X-Y linear
stage (Thorlabs, USA).

The sample for PA studies is taken in a sample chamber of
a PA sensor. The PA sensor contains a sample chamber to hold
the sample and a microphone (type 4189, Briiel & Kjer Sound
& Vibration Measurement, Pointe-Claire, Quebec, Canada) to
measure the PA signal. The sample chamber and the
microphone are connected by the resonator. The resonator
helps to amplify the PA signal and protect the microphone
from the scattered light form the sample. The size of the

sample chamber and the length of the resonator are 8mm x
3mm and 100 mm respectively. The sensor is made of acrylic
polymer. The details of the sensor can be found in previous
publications.[10]
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Fig. 1. Schematic diagram of the differential

photoacoustic microscope.

frequency-domain

The application of the proposed differential technique was
investigated on two types of red blood cells (RBCs) containing
predominantly oxy and methemoglobin. Methemoglobin was
prepared by treating RBCs with sodium nitrate (NANO?3) for a
few seconds. Both treated and untreated samples were smeared
on a glass substrate for studies. About 5 — 10 RBCs were
characterized in each group.

III. RESULTS AND DISCUSSION

Whole blood exhibits optical absorption peaks in the visible
region at 420 nm, 540 nm, and 578 nm. These peaks 540 nm
and 578 nm are called Q band peaks due to singlet state
transition from SO to S1. The transitions are due to electron
transfer from m to w* porphyrin ring orbitals within the
porphyrin ligand.[12], [13] This can be explained by
Gouterman Four-Orbital Model.[12] According to this model,
the optical absorption in porphyrins is due to the electronic
transition between two HOMOs and two LUMOs orbitals. Any
structural change would split these two states of energy into a
higher energy state with greater oscillator strength, giving rise
to the Soret band, and a lower energy state with less oscillator
strength giving rise to the Q-bands. The optical absorption
increase below 470 nm is due to the strong Soret band
transition.

A healthy human possesses methemoglobin in
concentrations < 1% of total hemoglobin that is formed by
spontaneous  slow  auto-oxidation = of  hemoglobin.
Methemoglobin subsequently reduced to hemoglobin to
maintain a steady-state of methemoglobin concentration in
whole blood. People suffer from methemoglobinemia possess
an abnormal amount of methemoglobin. Methemoglobinemia
can be either inherited or acquired. The inherited
methemoglobinemia is genetically transferred whereas
acquired methemoglobinemia is produced by the action of
oxidants. When an individual is exposed to an exogenous
oxidizing agent, the rate of methemoglobin formation can
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overwhelm the protective reduction mechanisms resulting in a
condition called acquired methemoglobinemia.[14]
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Fig. 2. Measured optical extinction spectra of Oxyhemoglobin and
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Fig. 3. PA image of oxy-RBCs using blue and green laser excitation (c) sO2
map obtained using the constrained linear least-squares solver on figures (a
and b), (d) and (e) PA image of treated RBCs (Methemoglobin) and (f) sO2
map of the sample (d and e).

The solid red line in absorption spectrum of Figure 2
represents a RBC containing methemoglobin. In these
experiments, methemoglobin is obtained by oxidizing
hemoglobin using NaNO3 which can be reduced back to
hemoglobin using methylene blue.[15] The iron Fe2+ (ferrous)
in the heme group is oxidized to Fe3+ (ferric) state. This
conformational change would inhibit bonding new free
oxygen. This change inhibits the unloading of the bonded
oxygen in tissues and predisposes the tissues to hypoxia due to
an increased affinity towards its own bounded oxygen. This
change would be observed as a leftward shift of the oxygen
dissociation curve. The optical absorption spectrum of
methemoglobin showed a small peak at 406 nm and 534 nm

are left-shifted with respect to the peaks of oxyhemoglobin.
There is a broad absorption shoulder around 630 nm further
confirms the formation of methemoglobin.

Figure 3 shows PA images of treated (meth) and untreated
RBCs (oxy). Figure 3 (a) and (b) are the PA image of untreated
RBCs due to excitation by 473 nm and 533 nm lasers. Figure 3
(d) and (e) are the PA image of treated RBCs due to excitation
at 533 nm and 633 nm wavelength lasers. A linear least-
squares algorithm was used to calculate the percent sO2 value
at each pixel. The resultant sO2 maps of RBC smears are
shown in the last column of figure 3.

The histogram analyses of sO2 distribution showed that
oxy-RBC exhibited mean, median and mode SO2 values of
79%, 90%, and 100% respectively. The RBCs treated with
sodium nitrate exhibited mean, median, and mode SO2 values
0f 42.46%, 38.61%, and 24.32% respectively. The median SO2
value of oxy-RBC indicates that 50 % of the cells exhibit about
90% oxygen saturation whereas the treated RBC exhibit a low
oxygen saturation of about 38.61 %. The peak mode of
histogram of oxy-RBC suggested that chromophores of oxygen
saturation around 100% were most commonly distributed in
the cell. However, in the case of the treated cells,
chromophores of oxygen saturation around 24.32% were
commonly present. The system developed can be used to study
the functional parameters of cellular chromophores

IV. CONCLUSION

A low-cost frequency domain differential photoacoustic
microscope was developed to study the optical and acoustic
properties of the biological samples. The system saves the
measurement time by doing two PA measurements
simultaneously and enables the laser excitations at the same
location of the sample, which avoids a backslash-associated
error due to the translation stage and position errors due to
sample vibration. The potential application of this system was
demonstrated on a single RBC by studying its oxygen
saturation at a micron resolution. The developed system can be
used to monitor blood oxygen saturation and bilirubin
concentration in real time. Traditionally a CO-oximeter, pulse
oximeter and blood gas analyzer are used to study
methemoglobin. A subcutaneous bilirubinometer has been used
for bilirubin studies. The developed PA imaging approach can
be used to study these properties, and further enable the study
of opaque samples such as highly concentrated
methemoglobin.
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